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Abstract 

 
The first part of the thesis covers the development and utilization of elec-

tronically modified (pentaarylcyclopentadienyl)Ru-complexes in the racemi-
zation of secondary alcohols. This study revealed that the electronic proper-
ties of the substrate were the main factors dictating whether β-hydride elimi-
nation or hydride re-addition becomes the rate-determining step of the race-
mization process. With this knowledge in hand, it proved to be possible to 
design more efficient racemization protocols by matching the electronic 
properties of catalyst and substrate. 

The second part describes mechanistic work that aimed at elucidating the 
role of CO dissociation in the mechanism of secondary alcohol racemization 
catalyzed by a (pentaarylcyclopentadienyl)Ru-complex. From CO exchange 
studies, we demonstrated that CO dissociation occurred in the catalytically 
active tert-BuO-species as well as in the chloride precatalyst. Furthermore, 
an inhibition study showed that an increase of the partial pressure of CO had 
a negative influence on the racemization rate. Together, these two observa-
tions provide strong support for CO dissociation as a key step in the racemi-
zation of secondary alcohols. 

The third part concerns the improved synthesis and characterization of a 
heterogeneous catalyst consisting of Pd nanoparticles immobilized on 
aminopropyl-functionalized siliceous mesocellular foam. The developed Pd 
nanocatalyst was found to be a highly efficient and recyclable catalyst for 
the aerobic oxidation of a wide range of primary and secondary alcohols to 
the corresponding aldehydes and ketones. 

The fourth part deals with the successful application of the Pd 
nanocatalyst in chemically-induced H2O oxidation, when using either ceric 
ammonium nitrate or [Ru(bpy)3]

3+ as the terminal oxidant. Remarkably, the 
Pd nanocatalyst proved to catalyze this reaction with high efficiency and the 
measured TOF was found to greatly exceed those of current state-of-the-art 
metal oxide catalysts. 

The fifth and final part describes the co-immobilization of Pd nanoparti-
cles and the enzyme Candida Antarctica Lipase B into the same cavities of 
mesocellular foam, to generate a “metalloenzyme-like” hybrid catalyst for 
the dynamic kinetic resolution of a primary amine. The close proximity of 
the two catalytic species led to an enhanced cooperativity between them and 
resulted in an overall more efficient tandem process. 
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Abbreviations and acronyms are used in agreement with the standard of the sub-
ject.[1] Only nonstandard and unconventional abbreviations that appear in the thesis 
are listed here. 

AmP Aminopropyl 
CALA/CALB Candida antarctica lipase A/B 
CBED Convergent beam electron diffraction 
Conv. Conversion 
DFT Density functional theory 
DKR Dynamic kinetic resolution 
EDC·HCl N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 
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ETM Electron transfer mediator 
HAADF-STEM High-angle annular dark-field-Scanning transmission electron 

microscopy 
ICP-OES Inductively coupled plasma-optical emission spectroscopy 
KR Kinetic resolution 
MCF Mesocellular foam 
MOF Metal-organic framework 
MS 4Å Molecular sieves (4 ångström) 
NHE Normal hydrogen electrode 
OEC Oxygen-evolving complex 
o.n. Overnight 
PS I/II Photosystem I/II 
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rac. Racemic 
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SMSI Strong metal-support interaction 
TCEP Tris(2-carboxyethyl)phosphine 
TEM Transmission electron microscopy 
TFT α,α,α-Trifluorotoluene 
TOF Turnover frequency 
TON Turnover number 
WOC Water oxidation catalyst 
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1.  Introduction 

Over the past decades, it has become increasingly apparent that the devel-
opment of our society and the increased global population greatly impact the 
planet we all live on. Consequently, there is a major demand for the design 
of new environmentally-friendly technologies and processes. Chemistry is a 
scientific discipline that throughout history has played a fundamental role in 
our society as it has allowed for the development of new materials, products, 
fuels, and pharmaceuticals. Therefore, in perspective of these future chal-
lenges facing mankind, chemistry holds great potential for innovation that 
can help our society to advance towards a sustainable future. In the field of 
organic chemistry, the concept of “green chemistry” was created by Anastas 
and Warner to address this issue, and it highlights twelve important princi-
ples to consider when designing sustainable reaction protocols (Figure 
1.1).[2]  Among these, catalysis perhaps constitutes one of the most important 
principles as it has revolutionized the field of organic synthesis by enabling 
for more efficient and selective transformations. This in turn allows the reac-
tions to fulfill several of the other principles of green chemistry.  
 

 

Figure 1.1. The twelve principles of green chemistry coined by Anastas and Warner 
to inspire research towards developing more sustainable chemical transformations.  
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1.1  Catalysis 
A catalyst is defined as a chemical species that has the capability of increas-
ing the rate of a reaction without affecting the standard Gibbs free energy, 
and not undergoing a net-reaction itself (Figure 1.2). Today, catalysis consti-
tutes a fundamental part of the chemical industry and our society, as it is 
involved in the manufacturing of approximately 90% of all chemical-based 
products[3] and a majority of the liquid fuels.[4]  

Among the many disciplines of catalysis, transition metal catalysis has 
been particularly fruitful, since it has opened up for protocols that exhibit 
unprecedented complexity, efficiency and selectivity compared to those of 
classical reactions. Several of the useful properties displayed by the transi-
tion metal elements of groups 3-11 in the periodic table originate from their 
ability to exist in a variety of oxidation states. Each oxidation state of the 
transition metal exhibits disparate electronic configurations, which allow 
them to interact in a specific fashion with different organic molecules. An 
illustrative example of this versatile nature of transition metals is palladium 
that in its zero-state, Pd0, is generally considered to be a nucleophilic species 
(donor of electrons), while PdII usually reacts as an electrophile (acceptor of 
electrons). Of the many studied transition metals in organic synthesis, the 
platinum group consisting of ruthenium, rhodium, palladium, osmium, iridi-
um, and platinum stands out for its remarkable utility. These metals have 
found use in a variety of transformation, such as C-H activation, isomeriza-
tion, oxidation, reduction and cross-coupling reactions.[5] 

 
 

 

Figure 1.2. Potential energy diagram displaying the difference in activation energy 
and reaction pathway between a catalyzed and uncatalyzed reaction.  
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In Nature, catalytic processes are mediated by a family of macromole-
cules called enzymes and they play a crucial role in sustaining life by allow-
ing for metabolic processes to occur under the mild conditions present in 
living organisms. The natural enzymes constitute the state-of-the-art in ca-
talysis as they can carry out a wide range of transformations with impressive 
efficiency and selectivity, which generally exceed those of man-made sys-
tems. In addition to their high performance, enzymes are also the prime ex-
ample of green catalysts as they are comprised of non-toxic and bio-
available amino acids and cofactors. As a result of these attractive properties, 
enzymes have found extensive use in the large-scale production of chemicals 
and other industrial applications.[6] Particularly the discovery that enzymes 
can function in organic solvents has revolutionized and greatly accelerated 
their use as catalysts in organic synthesis.[7]  

1.1.1  Homogeneous versus Heterogeneous Catalysis 
Catalysis is commonly divided into two categories: homogeneous catalysis, 
where the catalyst is present in the same phase as the reactant(s) and hetero-
geneous catalysis, where the catalyst and reactant(s) are in separate phases.[8] 
Usually, a solid heterogeneous catalyst is used to transform reactants in ei-
ther the gas or the liquid phase, meaning that the actual chemistry is occur-
ring at the interface between the two phases. Heterogeneous catalysis is cur-
rently dominating over homogeneous catalysis by accounting for more than 
90% of the volume of industrial processes.[8,9] The Haber-Bosch ammonia 
synthesis employing a magnetite (Fe) catalyst,[10] the Co/Fe-catalyzed Fisch-
er-Tropsch process for the conversion of coal to syngas and hydrocarbons,[11] 

and the titanium-catalyzed Ziegler-Natta polymerization of ethylene[12] are 
just a few examples of important industrial processes based on heterogene-
ous catalysis. The success of heterogeneous protocols in industry is mainly 
associated with simpler separation, higher catalyst stability and the possibil-
ity to recycle the heterogeneous catalyst, which are all desirable features 
from an economical and environmental perspective.[8]  

Homogeneous catalysts, on the other hand, have the advantages that they 
generally display higher activities and selectivities than their heterogeneous 
counterparts.[13] Moreover, catalyst modifications are more straightforward 
as molecular catalysts are amenable for rational ligand design, which simpli-
fies mechanistic studies and the development of asymmetric protocols. In 
contrast, modifications of heterogeneous catalysts usually require extensive 
interdisciplinary knowledge in physical chemistry, organic chemistry, sur-
face science, and material science. 

When designing catalytic processes it is of great importance to establish 
both the activities and stabilities of the studied catalysts and for this assess-
ment the quantities turnover number (TON) and turnover frequency (TOF) 
are most commonly used. The TON is mainly a measure of the robustness of 
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a catalytic system and is defined as the number of reaction cycles that one 
molecule of the catalyst can perform before it is deactivated.[14] The TOF, on 
the other hand, reflects the efficiency of a catalytic system and is simply a 
measure of the TON over a certain time period, which can be given in s-1, 
min-1 or h-1. It is important to emphasize that these quantities are greatly 
dependant on the applied reactions conditions, and therefore care has to be 
taken when using them for the comparison of different catalytic systems.[14] 
Also, in the case of heterogeneous systems such as nanoparticle-based cata-
lysts, it can be challenging to clearly determine the true TON and TOF, as it 
is not always straightforward to establish the exact number of active sites on 
the catalyst surface.[15] Consequently, the total metal content of a catalyst is 
in many cases used by convenience for determining the TON and TOF of a 
heterogeneous catalyst, although this simplification is not entirely in line 
with the definitions of these quantities.  
 

1.1.2  Metal Nanoparticles in Catalysis 
Nanoparticles have recently received considerable attention because of their 
unique properties and applications in a variety of fields, such as electronics, 
optics, magnetism, energy technology and chemistry.[16] Particularly in or-
ganic chemistry, transition metal nanoparticles have found extensive use as 
catalysts for a wide range of reactions.[17] In many cases, they exhibit high 
activity and selectivity in combination with excellent recyclability, which are 
all hallmarks of green catalysts. 

The main factors that govern the reactivity of metal nanoparticles, which 
are typically clusters comprised of tens to several thousand metal atoms, are 
their size and shape.[18] Especially when the cluster sizes are reduced below 2 
nm, unique activities and selectivities can be obtained.[19] This difference in 
the catalytic properties of nanoparticles of various size and shapes can pri-
marily be attributed to their surface-to-volume ratio. As depicted in Figure 
1.3, smaller nanoparticles contain a higher ratio of surface atoms than larger 
nanoparticles. This brings about a more efficient arrangement of the metal 
atoms, where a higher percentage of them are exposed to the surrounding 
environment and available to participate in reactions. Furthermore, it results 
in a larger amount of metal atoms that are coordinatively unsaturated. It is 
most likely these unsaturated sites that give rise to the unique catalytic prop-
erties that are not observed for the corresponding bulk metal.[20] 

However, these highly reactive and coordinatively unsaturated sites also 
impose challenges concerning the size-controlled syntheses of nanoparticles 
and the structural stability of small nanoparticles that are used in organic 
transformations under harsh reaction conditions. This is ascribed to the so-
called “Ostwald ripening effect”, which states that there exists a thermody-
namic driving force for the formation of larger particles with low surface-to-
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volume ratio, since it maximizes the number of binding interactions between 
the atoms in the cluster.[21]  

The most widely used synthetic strategies for the preparation of nanopar-
ticles involve either chemical or electrochemical reduction of metal ions. 
The reduction is typically performed in the presence of organic stabilizers or 
heterogeneous supports to prevent the nanoparticles from agglomerating into 
larger clusters. Also, since the formation of larger nanoparticles is a thermo-
dynamically driven process, smaller nanoparticle sizes can selectively be 
prepared by applying kinetic control during the reduction step, i.e. applying 
a high concentration of a strong reducing agent and/or low reaction tempera-
ture. 
 

 

Figure 1.3. Schematic illustration of two nanoparticles with different surface-to-
volume ratio. Their size and shape can have profound effects on their physical and 
catalytic properties. 
 

1.1.3  Heterogeneous Supports for the Immobilization of 
Nanoparticles and Other Catalytic Species 

 
Contrary to metal chips, colloidal nanoparticles are well soluble in organic 
solvents, which allow them to be handled and used as homogeneous cata-
lysts. In many cases, they can also be characterized as molecular compounds 
by conventional spectroscopic techniques.[22] As an alternative, nanoparticles 
can also be immobilized onto heterogeneous supports, which brings several 
practical advantages, such as simpler isolation and recycling. These two 
factors are particularly important when employing nanoparticle-based cata-
lysts for industrial applications, where metal contaminations in the final 
product can be a topic of major concern.[23]  

Today, there exists a large abundance of well-characterized heterogene-
ous materials that can be used for the immobilization of nanoparticles and 
other catalytic species. This includes silicas,[24] metal oxides,[25] metal-
organic frameworks (MOFs),[26] dendrimers,[27] as well as other polymer[28] 
and carbon-based materials.[29] Among these materials, special attention has 
been directed towards those that exhibit a porous morphology as this shields 
the immobilized catalytic species from mechanical grinding and reduces the 
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leaching. In addition, porous materials display high internal surface areas, 
which enable an increased catalyst loading. 

Porous materials can be classified into three categories based on their 
pore sizes; (i) microporous (<2 nm), mesoporous (2-50 nm), or macroporous 
(>50 nm).[30] For catalytic applications, mesoporous materials are normally 
preferred as they offer a good balance between internal surface area,  protec-
tion of the catalytic species, and mass transfer of the substrate molecules in 
and out of the support material.  Although microporous materials possess the 
highest internal surface area, the small pore size is associated with severe 
limitations in the mass transfer of organic molecules.[31] Furthermore, the 
smaller pore size imposes restrictions on the size of the immobilized catalyt-
ic species, which in most cases disqualifies metal nanoparticles and en-
zymes. Macroporous materials, on the other hand, can accommodate large 
catalytic species and exhibit excellent mass transfer properties, but unfortu-
nately they suffer from reduced internal surface areas. Therefore, lower cata-
lyst loadings and higher leaching are typically observed for heterogeneous 
catalysts based on macroporous materials. 

However, the support material does not only play a passive role in reac-
tions by acting solely as a platform for the catalytic species. There are plenty 
of evidence for that the support material can also have a profound effect on 
the catalytic properties of the immobilized species. This phenomenon, 
termed “Strong metal-support interaction” (SMSI), has been observed for a 
wide range of metal nanoparticle-based catalysts immobilized on metal ox-
ides, has shown to lead to improved reaction efficiencies and even novel 
reactivities.[32] This suggests that the classical view of nanoparticles as static 
and unperturbed entities that rest on a metal oxide surface may not always be 
correct.[32e] Instead, the metal oxide surface can interact strongly and even 
blend with the nanoparticle to give rise to sites and interfaces with unique 
catalytic properties.  

Analogous effects are believed to exist for other non-metal oxide materi-
als as well, where these supports similar to the ligand of an organometallic 
complex, can affect the electronics of the coordinated metal and give rise to 
distant effects on the nanoparticle surface. This would provide an explana-
tion of the previously observed phenomena that two identical nanoparticles, 
of the same size and shape, can display fundamentally disparate reactivities 
when they are immobilized on different supports. 

1.2  Redox Reactions 
Redox reactions constitute one of the most fundamental reactions in chemis-
try, and include all transformations in which the reacting species undergo 
changes in their oxidation state. The term “redox” is derived from the two 
words; (i) reduction, a reaction involving the gain of electrons and a decrease 
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in oxidation number and (ii) oxidation, a reaction involving the loss of elec-
trons and an increase in oxidation number. These two reactions are closely 
related and always occur together, as the electron(s) being transferred must 
be derived from one chemical species and ultimately end up in another. Con-
sequently, a whole redox reaction is often referred to as being comprised of 
the oxidation and reduction half-reactions. 

Redox pair and redox couples are two concepts that are frequently en-
countered when dealing with redox reactions. A redox pair consists of a re-
ducing agent (capable of reducing another compound) and an oxidizing 
agent (capable of oxidizing another compound), while a redox couple refers 
to the reduced and oxidized form of a chemical species, i.e. RuII/RuIII. 

Although, the change in oxidation state between a metal atom and its cor-
responding metal ion may be the first example that comes to mind when 
thinking about a redox process, organic molecules can also undergo analo-
gous changes in oxidation state during redox reactions (Figure 1.4).  

 

 

Figure 1.4. To the left: A characteristic galvanic cell illustrating the two half-
reactions; (i) oxidation of zinc metal to Zn2+ ions and (ii) reduction of Cu2+ ions to 
copper metal. To the right: An example of an organic redox reaction (aerobic alco-
hol oxidation), where the involved species that undergo a change in oxidation state 
have been highlighted. 

1.2.1  The Origin of Chirality and Racemization  
Chirality is a phenomenon that arises when a molecule can exist in two dis-
tinct structural configurations, which are non-superimposable mirror images 
of each other (Figure 1.5). For example, a carbon atom binding to four dis-
parate substituents is referred to as a stereogenic center and this arrangement 
gives rise to two different mirror forms, referred to as enantiomers. Analo-
gously, compounds that contain two stereogenic centers can give two pairs 
of enantiomers, which are said to be diastereomers of one another. The pres-
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ence of additional stereogenic centers further increases the complexity, and 
the number of possible stereoisomers increases by 2n (n = total number of 
stereogenic centers). 
 
 

 

Figure 1.5. A carbon atom that binds to four different substituents can exist in two 
enantiomeric forms, which are the mirror images of each other. 

 
In contrast to diastereomers, enantiomers share the same chemical and 

physical properties in an achiral environment, with the exception for their 
effect on plane-polarized light that is rotated in opposite direction by each 
enantiomer. However, in living organisms, where the environment is com-
prised of chiral biomolecules, such as amino acids, carbohydrates and lipids, 
two enantiomers can exhibit fundamentally different biological responses.[33] 
Consequently, there is a significant interest in the pharmaceutical, agricul-
tural, flavor and fragrance industries to synthesize enantiomerically pure 
compounds and study their biological effects separately.[34]  

Today, three strategies are employed for the preparation of 
enantiomerically pure compounds; (i) chiral pool synthesis, where chiral 
natural products are used as building block for more complex mole-
cules,[34,35] (ii) resolution of racemic mixtures (1:1 ratio of both enantiomers) 
by a chiral agent,[36] and (iii) asymmetric synthesis using chiral reagents or 
catalysts.[6c,37] 

The opposite process, racemization, is an entropy-driven reaction where 
an enantiomerically pure compound is converted to a racemic mixture by 
inversion of its stereocenter. This inversion can be achieved by a variety of 
techniques, which can be divided into: (i) thermal racemization, (ii) acid or 
base-catalyzed racemization, (iii) enzyme-catalyzed racemization, (iv) race-
mization proceeding via meso-intermediates, (v) racemization by 
nucleophilic substitution, (vi) racemization via radical and redox reactions 
(vii) photochemical racemization, and (viii) racemization proceeding via 
Schiff-base intermediates.[38] At first glance, racemization may seem like a 
wasteful process that converts a precious enantiomerically pure compound 
into a racemic mixture; however, when it is carried out in combination with 
kinetic resolution (KR, vide infra), it is possible to achieve a powerful meth-
odology for asymmetric synthesis. 
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This thesis deals with racemization reactions of primary amines and sec-
alcohols but only with those that proceed via a transfer hydrogenation mech-
anism, which falls under the redox category. In such a racemization reaction, 
the substrate will first undergo a dehydrogenation and then because there is 
no other hydrogen acceptor available, the hydride can only be re-added to 
the oxidized substrate (Scheme 1.1). Since the stereochemistry is lost during 
the oxidation of the amine/alcohol, the re-addition of the hydride to the oxi-
dized and achiral intermediate will result in a racemization. 

 
 

 
Scheme 1.1. General mechanism for the transfer hydrogenative racemization of 
primary amines and sec-alcohols.  
 

1.2.2  Kinetic and Dynamic Kinetic Resolution 
KR is a commonly used technique for the separation of enantiomers, and it 
relies on the different rate of transformation for a pair of enantiomers to-
wards a resolving agent (Scheme 1.2). To date, numerous protocols for KR 
based on transition metals, organocatalysts or enzymes as resolving agents 
have been reported.[39] 

 
 

 

Scheme 1.2. General scheme for an (R)-selective kinetic resolution (KR).  
 
 
Although, KR in many cases enables efficient separation of enantiomers 

in excellent enantiomeric excesses (ee’s), the maximum theoretical yield of 
50% is certainly not in line with the first two principles of green chemistry. 
In practice, this means that the desired product will need to be purified from 
the unreacted starting material, which demands for the use of additional sol-
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vents and/or energy. Moreover, the resolution requires that the transfor-
mation of one of the enantiomers is significantly slower than that of the other 
enantiomer, which is generally not the case and therefore the reaction has to 
be stopped well before 50% to ensure a high ee of the product. Alternatively, 
the reaction can be allowed to exceed 50% if the unreacted starting material 
is desired in high ee, but this is at the expense of the yield. 

Gratifyingly, the drawbacks of KR can be circumvented by combining it 
with a racemization process, which interconverts the two enantiomers in situ. 
As a result of this racemization, a dynamic equilibrium is established be-
tween the two enantiomers, which provides for a continuous feed of the reac-
tive enantiomers to the resolution process. This extension of the KR meth-
odology is called dynamic kinetic resolution (DKR) and enables the yield to 
reach 100%, which makes the reactions both more economical and sustaina-
ble (Scheme 1.3).  

Unfortunately, the design of successful DKR protocols is far from 
straightforward, as it requires that several parameters are carefully investi-
gated and optimized. The most crucial aspect when designing a successful 
DKR is to find a suitable racemization catalyst that can operate efficiently 
under the reaction conditions required for the resolution process.[40] In this 
regard, it is important that the two catalysts do not exhibit an inhibitory ef-
fect on each other. In addition to the challenges associated with the compati-
bility between the racemization catalyst and the resolving agent, the KR 
must also display a high selectivity (E-value[41] > 20) and the rate of racemi-
zation should at least be equal to the rate of the fast-reacting enantiomer  
(krac ≥ kfast).  

In particular, chemoenzymatic DKR  has emerged as a vivid research field 
within asymmetric catalysis.[40,42] Early applications involved the use of base 
to racemize the substrate, but recent examples have involved the combina-
tion of an enzyme as the resolving agent and a transition metal complex as 
the racemization catalyst, which has allowed for the preparation of a wide 
range of compounds in high yields and ee’s.[40,42,43] In our group, numerous 
protocols employing different enzymes and various transition metal-based 
racemization catalysts, have been developed for the resolution of allylic al-
cohols,[44] homoallylic alcohols,[45] sec-alcohols,[46] chlorohydrins,[47] diols,[48] 
primary amines,[49] N-heterocyclic 1,2-amino alcohols,[50] β-amino esters,[51] 
and hydroxy esters.[52] Furthermore, the DKR methodology has been suc-
cessfully implemented into the syntheses of some well-known pharmaceuti-
cals, such as bufuralol,[53] duloxetine,[54] and salbutamol.[55]  

The compatibility issue between the racemization catalyst and the resolv-
ing agent constitutes a major challenge in the field of chemoenzymatic DKR 
as well. Therefore, despite the large number of homogeneous racemization 
catalysts for amines and alcohols that have been developed, there is only a 
handful examples that can operate in the presence of enzymes (Scheme 
1.3).[46,56]    
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In this perspective, heterogeneous racemization protocols have recently 
emerged as an attractive alternative to methods involving homogeneous tran-
sition metal complexes. To date, several examples of enzyme-compatible 
heterogeneous racemization catalysts for the resolution of amines and alco-
hols have been reported, which include Raney Co,[57] Raney Ni,[57] 

Ru(OH)3/Al2O3,
[58] SO4

2-/TiO2,
[59] VOSO4·5H2O,[60] zeolites,[61] and Pd0 on 

various supports.[49a,51a,62] 

 

 

Scheme 1.3. Top: General scheme for an (R)-selective chemoenzymatic dynamic 
kinetic resolution (DKR). Bottom: Examples of homogeneous enzyme-compatible 
racemization catalysts. 

1.2.3  Transition Metal-Catalyzed Aerobic Alcohol Oxidation 
The selective oxidation of primary and secondary alcohols to their corre-
sponding aldehydes and ketones constitutes an important transformation 
both on laboratory- and industrial-scale organic synthesis.[63] Traditionally, 
stoichiometric protocols employing high-valent metal reagents (e.g. CrVI or 
MnVII)[64] or hyper-valent iodine compounds[65] have been the methods of 
choice due to their high activity and generality. However, all these reagents 
are associated with serious drawbacks such as high cost, safety risks in the 
handling, and stoichiometric production of toxic waste. As a result, signifi-
cant research during the past decades has been dedicated to the development 
of new and efficient transition metal-based protocols that utilizes environ-
mentally-friendly oxidants.[63a,66]  

In this respect, molecular oxygen (O2) is an attractive oxidant, as it is en-
vironmentally friendly, readily abundant, inexpensive, and shows relatively 
low toxicity. Moreover, it exhibits high efficiency per weight and only gives 
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H2O as byproduct when it is reduced. Together, these features make O2 ideal 
from a green chemistry perspective.[67] The only drawback of using O2 for 
industrial-scale applications is that it requires rigorous safety handling, as it 
forms explosive mixtures with organic solvent fumes. 

Unfortunately, the examples of direct oxidation of organic substrates 
molecules by O2 are rare as a consequence of the high energy barrier for the 
electron transfer between the organic substrate and the oxidant.[66a]  This high 
energy barrier originates from the triplet electron configuration of O2, where 
two electrons are unpaired and positioned in the degenerate πpy* and πpz* 
orbitals (Figure 1.6). This prevents O2 from reacting with most organic sub-
strates, which exist in singlet electron configurations, without the aid of ca-
talysis. 
 

 

Figure 1.6. Molecular orbital diagram showing the triplet electron configuration of 
O2. 
 

Therefore, the design of catalytic systems, particular in which the transi-
tion metal catalyst is directly re-oxidized by O2, is not a simple task and 
requires fast electron transfer processes or stabilizing ligands that prevent the 
reduced metal center from precipitating out of the reaction before re-
oxidation occurs (Scheme 1.4a). Despite these challenges, there are proto-
cols available for the selective oxidation of alcohols, where the metal is di-
rectly re-oxidized by O2. The majority of these procedures utilize homoge-
neous Cu,[68] Pd,[69] and Ru[70] complexes as the substrate-selective redox 
catalysts. 

Another elegant solution to achieve an efficient oxidation process is to fa-
cilitate the electron transfer between the organic substrate and O2 by incor-
porating so called “electron transfer mediatiors” (ETMs) that enable the re-
action to occur under milder conditions (Scheme 1.4b). This approach shares 
great resemblance with the strategy employed in Nature’s respiratory chain, 
where the high-energy barrier for electron transfer is divided into multiple 
steps, thus generating a low-energy pathway consisting of several smaller 
energy barriers.[71] Noteworthy in this regard, are the Cu/TEMPO[72] and the 
Ru/quinone/cobalt macrocycle (CoLm)[73] systems that have been successful-
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ly employed for the oxidation of a broad range of primary and secondary 
alcohols in high efficiencies. However, there are also drawbacks associated 
with the use of additional ETMs, such as (i) increased complexity as a result 
of the added components that makes reaction optimizations more challeng-
ing, (ii) more demanding separation and isolation of product, and (iii) in-
creased possibility for undesired side reactions between ETMs and the or-
ganic substrate(s).  
 

 

Scheme 1.4. a) Direct re-oxidation of a substrate selective-redox catalyst by O2.      
b) Biomimetic approach employing ETMs for a low-energy electron transfer.  

 
 
The most ideal option from a practical and economical perspective would 

still be to employ a catalytic system where O2 is directly used to re-oxidize 
the catalyst, and further to move from homogeneous to heterogeneous catal-
ysis. As previously mentioned, the use of heterogeneous catalysis allows for 
reduced amounts of metal contaminations in the product, simpler catalyst 
separation and recycling. Unfortunately, heterogeneous protocols have tradi-
tionally exhibited lower activities and selectivities than those based of ho-
mogeneous catalysis.[13] Hence, substantial research has been directed to-
wards the design of new heterogeneous catalytic systems that display higher 
efficiencies. Among these, nanoparticle catalysts based on Pd have shown 
particular promise in the aerobic oxidation of alcohols. A wide range of het-
erogeneous supports has been investigated for this purpose, including, hy-
droxyapatite,[74] mesoporous silica,[75] MgO,[76] MOFs,[77] TiO2,

[78] and vari-
ous carbon materials.[79] 

1.2.4  Water Oxidation in the Natural System 
In the context of the severe environmental impacts associated with global 
warming, it has become apparent that our society will soon need to make a 
transition towards a carbon-neutral energy economy. Considering that the 
combustion of fossil fuels makes up the major part of today’s energy produc-
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tion,[80] it is obvious that the transition towards a sustainable energy econo-
my will be drastic and require the development of new innovative technolo-
gies. One of the most promising strategies for producing green energy in 
quantities that will meet the demands of future generations involves the utili-
zation of solar power to produce storable fuels.[81] 

Here, Nature has over three billion years of evolution given us an excel-
lent blue-print on how to harness the vast energy supply provided by the sun. 
This light-driven process, called the photosynthesis, is employed by plant 
cells, algae and cyanobacteria to convert H2O and CO2 into carbohydrate 
building blocks and O2. 

Upon close examination of the biological machinery responsible for the 
photosynthesis, it quickly becomes evident how intricate this process is. As 
depicted in Figure 1.7, the photosynthesis involves the well-orchestrated 
collaboration of several large protein complexes, such as the photosystem 
(PS) I and II, the cytochrome-b6f, and the ATP synthase.[82] Together, they 
carry a great number of complex processes in tandem, including light-
harvesting, charge-separation, electron transfer, H2O oxidation, reduction of 
NADP+ and proton gradient-driven ATP synthesis. 

 
 

 

Figure 1.7. Schematic representation of the complex machinery involved in the 
natural photosynthesis. Reprinted from “P. Vengadesh, Nanocrystals – Synthesis, 
Characterization, and Applications (Ed. S. Neralla), InTech: Rijeka, 2012, pp 41-60, 
with kind permission from the publisher.[83] 

  
 
Among these reactions, H2O oxidation represents the most impressive re-

action from a catalysis perspective, as it requires for the removal of four 
protons, rearrangement of multiple bonds and O-O bond formation. In the 
natural system, the H2O oxidation is carried out by a metalloenzyme called 
the oxygen-evolving complex (OEC), situated on the lumen-side of PS II. 
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The catalytic site of this metalloenzyme is comprised of an oxo-bridged Mn 
cubane, which has a calcium atom positioned in its close vicinity.[84] The 
entire catalytic assembly is kept in place by surrounding amino acid ligands, 
which apart from giving structural stabilization also participate in catalysis 
by providing for charge-neutralization and promoting proton-coupled elec-
tron transfer. 

The mechanism through which the OEC catalyzes H2O oxidation has 
been proposed to proceed via the cycling of the Mn cluster through five re-
dox states, denoted S0-S4 (Scheme 1.5). In this mechanistic model, named 
after its creator Bessel Kok,[85] the S0 state constitutes the resting state of the 
catalytic cycle and contains the Mn cluster in its most reduced form. In order 
for the Mn cluster to catalyze H2O oxidation it must accumulate four oxidiz-
ing equivalents and reach the S4 state. This transition is powered by four 
consecutive absorptions of photons at a neighboring P680 chromophore, 
which triggers electron transfer from the OEC to the photo-oxidized P680

*, 
via a tyrosine residue (Tyrz) functioning as an ETM. When four oxidative 
charges have been stored, the cluster carries out the four-electron/four-
proton oxidation of H2O and returns to the S0 resting state, liberating O2 and 
protons in the process. 

 The electrons and protons generated through this process is ultimately 
employed to produce chemical energy in the form of ATP and reducing 
equivalents (e.g. NADPH), which can then be used in the biochemical reac-
tions of the Calvin cycle for the synthesis of carbohydrates. 

 
 

 

 

Scheme 1.5. The Kok cycle describes the mechanism by which the OEC catalyzes 
H2O oxidation. In this process, the Mn cluster cycles between five redox states (S0-
S4) through consecutive photo-oxidation steps. 



 16 

1.2.5  Artificial Water Oxidation in a Photosynthetic Device 
The design of an artificial photosynthetic device that in conformity with the 
natural photosynthetic machinery can produce carbohydrates as the end 
products holds little commercial interest. An attractive alternative would be 
to modify the methodology used by Nature, so that rather than generating 
various carbohydrates it would be possible to produce storable fuels, such as 
H2, methane or methanol.  

One promising way to achieve this is to utilize a three-component solar 
fuel cell, consisting of a photosensitizer unit, a H2O oxidation catalyst 
(WOC), and a reduction catalyst (Figure 1.8). Although the concept of such 
solar-powered fuel cells appears simple at first glance, it constitutes a signif-
icant challenge from an engineering perspective, as several complicated pro-
cesses must be coupled together in an efficient manner. First, the photosensi-
tizer must absorb a photon to generate a charge-separated state. This exciton 
energy should then be used to facilitate an electron transfer from the excited 
photosensitizer to the reduction catalyst that acts as the electron acceptor. 
The hole generated at the photosensitizer is subsequently refilled by the 
WOC, which gets its electrons from the splitting of H2O, which produces 
four electrons and four protons along with O2 for every two molecules of 
H2O. The electrons and protons liberated by the WOC ultimately end up at 
the reduction catalyst site, where they are either directly assembled into H2 
or used to reduce CO2 into methane or methanol. 

 
 
 

 

 

 

Figure 1.8. Schematic representation of a three-component solar fuel cell for the 
production of H2, comprised of a H2O oxidation catalyst (WOC), a photosensitizer, 
and a reduction catalyst.  
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Unfortunately, the development of practical and efficient fuel cells based 
on these principles has been restrained due to limitations in the WOC com-
ponent. The WOCs developed so far have not exhibited either the efficiency 
or stability required for incorporation into such a photosynthetic device. 
Consequently, researchers from several fields have dedicated significant 
efforts to overcome this bottleneck and to realize solar-driven production of 
green and sustainable fuels. 

Seminal work in the field of artificial H2O oxidation was done by the 
group of Meyer in 1982, with the preparation of the cis,cis-[(bpy)2-
Ru(H2O)(μ-O)(H2O)Ru(bpy)2]

4+ 6 (also called “the blue dimer”) which con-
stituted the first example of a homogeneous molecular WOC (Figure 1.9).[86] 

In catalytic H2O oxidation experiments employing CeIV as the chemical oxi-
dant, the “blue dimer” 6 was found to give a modest TON of 13.2 and TOF 
of 4.2 × 10-3 s-1. The low turnover of 6 was attributed to the instable μ-oxo 
bridge, which made the complex susceptible towards oxidative degradation 
into inactive monomeric species.  

 

 

Figure 1.9. The “blue dimer” 6 prepared by Meyer and co-workers. 

 
The key discovery of 6 spurred extensive subsequent research that fo-

cused on designing WOCs with improved efficiency and stability. This work 
has yielded a wide range of mono- and multimetallic homogeneous WOCs 
based on a variety of transition metals, such as Ru, Ir, Fe, Mn, Co, and 
Cu.[87] The initial ligand design primarily centered on nitrogen-rich and 
charge-neutral (i.e. lacking dissociable protons) scaffolds; however, this 
approach gave rise to metal complexes of relatively high redox potentials 
that required the use of strong oxidants, such as CeIV or oxygen-transfer rea-
gents (Oxone, NaOCl or H2O2), to be able to catalyze the oxidation of H2O. 
These oxidants are not feasible for use in a future solar fuel cell, since they 
cannot be photochemically regenerated. In this regard, the mild one-electron 
oxidant [Ru(bpy)3]

3+ represents a more attractive alternative, as it can be 
photogenerated from the corresponding [Ru(bpy)3]

2+-complex 7 (Figure 
1.10). However, this oxidant with its low redox potential (1.26 V vs. the 
normal hydrogen electrode, NHE) imposes challenges in the WOC design, 
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since in order to assure for an efficient electron transfer from the WOC to 
the oxidant, the WOC must have a substantially lower redox potential than 
the oxidant. This can be compared to ceric ammonium nitrate (CAN, com-
mon source of CeIV) that has a higher redox potential of 1.61 vs. NHE, and 
which is thus compatible with a broader set of WOCs.  

The group of Åkermark has made pioneering contributions to the design 
of WOCs with significantly lower redox potentials, by employing a bio-
inspired approach that involves the use of negatively charged ligand archi-
tectures. This strategy has been very successful and has afforded several 
mono- and binuclear complexes (8-12) that have been demonstrated to be 
highly efficient catalysts for light-driven H2O oxidation, when using photo-
chemically generated [Ru(bpy)3]

3+-type oxidants (Figure 1.10).[88] 
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Figure 1.10. Various mono- and binuclear catalysts (8-12) developed by Åkermark 
and co-workers for light-driven H2O oxidation, shown together with the photosensi-
tizer [Ru(bpy)3]

2+ 7. L stands for 4-methylpyridine in all cases. 
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Although, the use of homogeneous WOCs is associated with several ad-
vantages, such as (i) high catalytic efficiency, (ii) simple synthesis and char-
acterization, (iii) straightforward tuning of the electronic and steric proper-
ties by ligand modifications, and (iv) higher suitability in mechanistic stud-
ies, there are also several fundamental issues that might restrict their use in a 
commercial fuel cell. Of these limitations, catalyst deactivation by ligand 
dissociation and oxidative degradation are perhaps the most severe obstacles 
for the applicability and longevity of homogeneous WOCs in a photosyn-
thetic device. 

In this regard, heterogeneous catalysts for H2O oxidation are more attrac-
tive options, as they are more robust, recyclable and can be easily incorpo-
rated into the photosynthetic device. To date, several different metal oxides 
based on Ru,[89] Ir,[90] Mn,[91] and Co[91a,92] have been prepared and shown to 
be active and stable WOCs. However, in most cases these heterogeneous 
catalysts suffer from low catalytic activity as they produce less than stoichi-
ometric amounts of O2 (calculated per bulk metal atom), and are therefore 
not viable for application in commercial fuel cells at the moment.  

Together, the limitations of the current homogeneous and heterogeneous 
WOCs highlight the continued need for research within the field of artificial 
H2O oxidation, which can facilitate the transition to a green and sustainable 
energy economy.  

1.3 Objectives of this Thesis  
This thesis is divided into two parts; (i) homogeneous Ru-catalyzed alcohol 
racemization, and (ii) heterogeneous catalysis for more efficient and sustain-
able processes. The thesis starts by describing the synthesis and application 
of a condensed library of (pentaarylcyclopentadienyl)Ru-complexes in alco-
hol racemization. It was envisioned that this comparative study would pro-
vide for mechanistic insights into the racemization process that could be of 
value for the future design of more efficient chemoenzymatic DKR proto-
cols. 

In the next chapter, the results and conclusions from a mechanistic study 
on one of the ruthenium complexes are presented. In this work, particular 
interest was directed towards establishing experimentally that CO dissocia-
tion plays a crucial role in the racemization of alcohols, which had previous-
ly been predicted by computational studies. 

The second part of the thesis, starting with Chapter 4, covers the im-
proved preparation of a heterogeneous catalyst comprised of Pd nanoparti-
cles immobilized on amino-functionalized siliceous mesocellular foam (Pd0-
AmP-MCF) and its application in the aerobic oxidation of alcohols. To es-
tablish the practical viability of the Pd nanocatalyst in this transformation 
several important aspects, such as scalability, leaching, and recyclability 
were investigated. 
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Chapter 5 describes the use of Pd0-AmP-MCF as a catalyst for chemical-
ly-induced H2O oxidation. To the best of our knowledge, this constitutes one 
of the most active heterogeneous catalytic systems for chemically-induced 
H2O oxidation reported so far. In addition to its high activity, the Pd 
nanocatalyst also exhibited excellent recyclability and negligible metal 
leaching in the experiments involving the one-electron oxidant [Ru(bpy)3]

3+. 
The sixth and final chapter of the thesis deals with the co-immobilization 

of Pd nanoparticles and the enzyme Candida Antarctica Lipase B (CALB) 
into the same cavities of mesocellular foam (MCF), to create a hybrid cata-
lyst that bears great resemblance with an artificial metalloenzyme. Particu-
larly, we were interested in investigating whether the close proximity of the 
two catalytic species could confer an enhanced activity in the DKR of a pri-
mary amine relative to the corresponding separate component system. 
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2. Tuning of the Electronic Properties of a 
Cyclopentadienylruthenium Catalyst to 
Match Racemization of Electron-Rich 
and Electron-Deficient Alcohols (Paper I) 

2.1 Introduction 
In 2004, our group developed the (pentaarylcyclopentadienyl)Ru-complex 5 
and demonstrated that it was a highly efficient catalyst for the racemization 
of a wide range of sec-alcohols. For instance, complex 5 was capable of fully 
racemizing enantiomerically pure 1-phenylethanol within 10 min at ambient 
temperature,[46a,93] which constituted a major improvement compared to other 
racemization catalysts at that time. In addition, complex 5 was found to be 
compatible with enzymes, which allowed it to be used in combination with 
lipases for the DKR of a wide range of sec-alcohols.[44-48,50,53-55] 

Complex 5 is proposed to operate through the catalytic inner-sphere redox 
mechanism depicted in Scheme 2.1.[94] The mechanism starts with the in situ 
activation of complex 5 by tert-BuOK to form the catalytically active tert-
BuO-species 5a, which subsequently undergoes an alcohol-alkoxide ex-
change with the substrate alcohol, generating 5b in the process. From here, 
β-hydride elimination gives a ketone-hydride intermediate 5c/5c’, in which 
the ketone remains coordinated until hydride re-addition occurs from either 
face to afford the racemic alkoxide 5d. Finally, the catalyst undergoes anoth-
er alcohol-alkoxide exchange and is available to take part in a new catalytic 
cycle. The involvement of ruthenium hydride, Ph5C5Ru(CO)2H, in the race-
mization has been ruled out by previous experimental observations.[46a] 

The exact identity of the ketone-hydride intermediate has been a target of 
extensive debate, which originated from the previous technical inability to 
identify this species experimentally. Based on previous observations of the 
related Shvo catalyst 1, it was originally proposed that the empty coordina-
tion for the hydride was generated through ring slippage of the 
cyclopentadienyl ring (η5 → η3) to form 5c’.[95] However, in light of recent 
results obtained from mechanistic studies, the route proceeding via CO lig-
and dissociation to generate 5c now constitute the most probable and widely-
accepted mechanism for the alcohol racemization by complex 5 (vide infra, 
Chapter 3).[94a,b] 
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Scheme 2.1. Proposed catalytic mechanism for the racemization of sec-
alcohols with complex 5. 

 
A limitation of complex 5 is the necessity of dry and inert conditions in 

the racemization and DKR reactions, which arises from the sensitivity of the 
key tert-BuO-species 5a. Moreover, it has been observed in the case of 
strongly electron-deficient alcohols, such as chlorohydrins, that the racemi-
zation process is slow.[47] As a consequence, the corresponding DKR reac-
tions require elevated temperatures and/or longer reaction times to afford 
high yields and ee’s.  

The slow racemization of electron-deficient alcohols by complex 5 is be-
lieved to arise from an inefficient β-hydride elimination (dehydrogenation) 
reaction, as these substrates are less prone to undergo oxidation to the corre-
sponding ketones. Therefore, one potential way to address this issue would 
be to design an electron-deficient analogue of complex 5 that would be more 
efficient in the dehydrogenation step. On the other hand, an improvement of 
the dehydrogenative properties of the racemization catalyst would be associ-
ated with a diminished capability to re-add the hydride to the oxidized sub-
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strate. However, it was anticipated that the hydride re-addition (insertion) 
step would be facile for this type of substrates, since the electron-deficient 
ketone obtained from β-hydride elimination should be efficient in abstracting 
the hydride from the racemization catalyst. In analogy with this predicted 
reactivity, the opposite effect is true for electron-rich alcohols, where the 
hydride re-addition is instead expected to be critical and thus the racemiza-
tion of these substrates should be promoted by an electron-rich catalyst. 

To allow for a detailed evaluation on how the electronic properties of the 
catalyst affect the racemization rate of various alcohols, the synthesis of 
three electronically modified analogues of complex 5 were envisioned (Fig-
ure 2.1). The knowledge gained from this study would allow for the devel-
opment of more efficient racemization protocols, which could in turn be 
valuable for the design of future DKRs.    

 

 

Figure 2.1. The proposed library of (pentaarylcyclopentadienyl)Ru-complexes with 
varying electronic properties.  

 
 
A similar study was recently conducted by the groups of Kim and Park, 

where the substituent effects on the catalytic activity of a related racemiza-
tion catalyst was investigated.[96] The authors concluded that an electron-rich 
catalyst was “the most efficient and most practical to use in the DKR of sec-
alcohols”.[96] However, it is important to point out that no electron-deficient 
substrates were used in their study, and therefore no racemization reactions 
involving slow dehydrogenation steps were explored, in which an electron-
deficient catalyst would have been favorable to use. Consequently, this made 
it possible for our group to follow up these results by examining the entire 
spectrum of catalysts and substrates, ranging from electron-deficient to elec-
tron-rich, in an attempt to reveal new beneficial catalyst-substrate matches in 
the racemization of sec-alcohols. 
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2.2  Results and Discussion 

2.2.1  Synthesis of Racemization Catalysts 
The procedure for the preparation of the electronically modified analogues 
13-15 were initially designed after the previously reported synthesis of com-
plex 5, proceeding via a cyclopentadieone precursor (Route A, Scheme 
2.2).[46] 
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THF

1. Ru3(CO)12, 160 °C, 2.5 days

toluene,decane
2. CHCl3, 160 °C, 1.5 h

Scheme 2.2. The proposed Route A used for the synthesis of complexes 5, 13 and 
14. 
 

In the case of analogues 13-15, the crucial cyclopentadieone precursors 
were not commercially available, and had to be synthesized via a two-step 
protocol. In the first reaction, two equiv. of aryl acetic acid 16 are coupled 
into a bisbenzylketone 17 by the use of N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC·HCl) and 4-dimethylaminopyridine 
(DMAP) at room temperature. The bisbenzylketones 17 were in the next step 
reacted with benzils 18 in a base-catalyzed cyclizative aldol condensation to 
give the cyclopentadienone precursors 19. Gratifyingly, this reaction proved 
successful for the synthesis of cyclopentadienone 19a and 19c, affording 
them in 64% and 83% yield, respectively. However, in the case of the reac-
tion involving the CF3-substituted compounds 17d and 18d, a complicated 
mixture of products were obtained, from which 19d could not be isolated. 
The insufficient nucleophilicity of the corresponding aldol of 17d, originat-
ing from the strongly electron-withdrawing CF3-groups, was invoked as an 
explanation for this disappointing reaction outcome. 

Therefore, the continued synthetic work using Route A focused on the 
preparation of catalysts 5, 13, and 14 only. From the cyclopentadienone pre-
cursors 19 a one-pot reaction involving Grignard-arylation and LiAlH4-
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reduction was carried out and it gave the desired pentaarylcyclopentadienyl 
ligands 20 in moderate to good yields. Finally, the target 
(pentarylcyclopentadienyl)Ru-complexes 5, 13, and 14 were obtained by 
complexating the corresponding ligands with Ru3(CO)12, followed by addi-
tion of CHCl3. 

To access analogue 15, a different synthetic strategy was explored, which 
involved a Pd-catalyzed multiarylation reaction of cyclopentadiene (Route 
B, Scheme 2.3).[97] The major advantage of this synthetic route was that it 
allowed for the preparation of the target ligand 20d in one step from simple 
starting materials. Unfortunately, this reaction displayed poor selectivity and 
thus gave rise to substantial amounts of tri- and tetra-arylated byproducts. 
The byproduct formation complicated the purification procedure and result-
ed in a low yield (19%) of the desired ligand 20d.  

 

 

Scheme 2.3. The alternative and shorter Route B used for the synthesis of catalyst 8. 

 
Despite the inefficiency of the multiarylation reaction, sufficient amount 

of 20d could be obtained for further experiments by up-scaling of the reac-
tion. The ligand was then complexated according to the last step of Route A, 
to give the target CF3-substituted analogue 15. It is also important to point 
out that Route B represents an attractive approach for the preparation of the 
other ligands 20a-c, as the original study reported on high yields in these 
multiarylation reactions.[97] However, as enough quantities of complexes 5, 
13 and 14 for the racemization study had been obtained by Route A at this 
point of the project, these reactions were not further investigated.  

2.2.2  Preparation of Enantiomerically Pure Substrates for the 
Racemization Study  
To study how the rate of racemization of complex 5 and analogues 13-15 
depended on the nature of the substrates, suitable enantiomerically pure sec- 
alcohols of varying electronic properties had to be synthesized. For this pur-
pose the condensed series of sec-alcohols 23-26 were chosen (Figure 2.2), as 
they were thought to cover a broad range of electronic properties. 
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Figure 2.2. Enantiomerically pure sec-alcohols of varying electronic properties 
prepared for the racemization study. 

Substrates (R)-23, (R)-24 and (S)-26 were prepared according to the syn-
thetic routes outlined in Scheme 2.4, while alcohol (S)-25 was obtained di-
rectly from a commercial vendor. Racemic alcohol 23 was prepared from a 
two-step protocol involving α-chlorination of the aryl methyl ketone 27 by 
the electrophilic chlorine reagent N-chlorosuccinimide (NCS),[98] followed 
by reduction with NaBH4. Kinetic resolution of the racemic alcohol 23 was 
performed using Pseudomonas cepacia lipase (PS-C) as the resolving agent, 
affording (R)-23 (unreacted enantiomer) in 33% yield and >99% ee. The 
enantiomerically pure substrate (R)-24, on the other hand, was despite its 
structural similarities to (R)-23 synthesized via a different one-step protocol, 
comprising the nucleophilic epoxide opening reaction of (S)-oxiranylanisole 
(29, >99% ee) by Li2CuCl4.

[99] For the synthesis of (S)-26, a CALB-
catalyzed KR of the commercially available racemic alcohol 26 was carried 
out to give acetate (S)-30 in 42% yield and >99% ee, which was then quanti-
tatively hydrolyzed under basic conditions to the corresponding alcohol. 

 
 

 

 

Scheme 2.4. Synthesis of enantiomerically pure alcohol substrates (R)-23, (R)-24 
and (S)-26.  
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2.2.3 Racemization Studies  

As a result of the varying electronic properties of the alcohols used in the 
racemization study, the reaction conditions (e.g. reaction temperature and 
catalyst loading) had to be optimized for each substrate individually, in order 
to allow for a clear comparison of the different complexes.  

The racemization study commenced with alcohols (R)-23 and (R)-24, 
which have previously been shown to racemize at a low rate when employ-
ing complex 5.[47]  However, with the newly-synthesized electron-deficient 
analogues 14 and 15 in hand, it was anticipated that a more efficient racemi-
zation could be achieved for these substrates.  Indeed, as depicted in Figures 
2.3 and 2.4, the highest racemization rates were observed for the most elec-
tron-deficient analogue 15, followed by analogue 14. A comparison of the 
racemization rate of analogue 15 with that of the standard complex 5 re-
vealed a >10 times improvement in efficiency for the racemization of sub-
strate (R)-23 at 80 °C. In the case of substrate (R)-24, this effect was even 
more pronounced and resulted in a 30 times faster racemization at 60 °C. 
The electron-rich analogue 13, on the other hand, exhibited difficulties in 
racemizing these substrates, as shown by its poor performance in both race-
mization studies. 

 

 
Figure 2.3. Racemization of (R)-23. 4.69 µmol (η5-C5Ar5)RuCl(CO)2 and 0.19 
mmol Na2CO3 were mixed in 1.5 mL of toluene, and the mixture was heated to 80 
°C. 14.1 µmol tert-BuOK (dissolved in 40 μL of dry THF) was then added. After 10 
min, 0.19 mmol enantiomerically pure sec-alcohol (R)-23 was added (t = 0) and the 
mixture was kept at 80 °C. Enantiomeric excess (ee) of the alcohol was determined 
by periodic aliquots for chiral GC. 
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Figure 2.4. Racemization of (R)-24. 4.69 µmol (η5-C5Ar5)RuCl(CO)2 and 0.19 
mmol Na2CO3 were mixed in 1.5 mL of toluene, and the mixture was heated to 60 
°C. 14.1 µmol tert-BuOK (dissolved in 40 μL of dry THF) was then added. After 10 
min, 0.19 mmol enantiomerically pure sec-alcohol (R)-24 was added (t = 0) and the 
mixture was kept at 60 °C. Enantiomeric excess (ee) of the alcohol was determined 
by periodic aliquots for chiral GC. 
 

Together, these results demonstrate that the conclusions made by Kim and 
Park in their previous study regarding electron-donating catalysts being the 
most efficient for alcohol racemization,[96] no longer apply when the sub-
strate becomes more electron-deficient. Moreover, these results verified our 
original hypothesis that β-hydride elimination is a critical step in the racemi-
zation of electron-deficient alcohols, as demonstrated by the observed reac-
tivity trend of complex 5 and analogues 13-15.  

However, in the racemization of electron-rich substrates the ratio of the 
rates of β-hydride elimination and hydride re-addition will be higher than 
that for the electron-deficient alcohols. Consequently, it is expected that the 
overall racemization of electron-rich alcohols would be favored by an elec-
tron-rich catalyst, which is more efficient in redelivering the hydride to the 
intermediate ketone. Gratifyingly, this proved to be the case where the rela-
tive rates of complex 5 and analogues 13-15 in the racemization of (S)-25 
and (S)-26 at room temperature, displayed the reverse reactivity trend to that 
of the reactions involving the electron-deficient substrates (Figures 2.5 and 
2.6). The results obtained from this study are interesting from a mechanistic 
perspective, as they suggest that the rate-determining step of the racemiza-
tion reaction shifts between β-hydride elimination and hydride re-addition 
based on the electronic properties of the substrate. Therefore it proved to be 
possible to achieve a more efficient overall racemization by carefully match-
ing the electronic properties of substrate and catalyst.  
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Figure 2.5. Racemization of (S)-25. 3.80 µmol (η5-C5Ar5)RuCl(CO)2 and 0.38 
mmol Na2CO3 were mixed in 1.5 mL of toluene, and the mixture was allowed to stir 
at room temperature. 11.4 µmol tert-BuOK (dissolved in 40 μL of dry THF) was 
then added. After sufficient time, 0.38 mmol enantiomerically pure sec-alcohol (S)-
25 was added (t = 0) and the mixture was kept at room temperature. Enantiomeric 
excess (ee) of the alcohol was determined by periodic aliquots for chiral GC. 
Activation time: complexes 5 and 13: 10 min, analogue 14: 30 min, analogue 15: 60 
min. 

 

 

 

Figure 2.6. Racemization of (S)-26. 3.80 µmol (η5-C5Ar5)RuCl(CO)2 and 0.38 
mmol Na2CO3 were mixed in 1.5 mL of toluene, and the mixture was allowed to stir 
at room temperature. 11.4 µmol tert-BuOK (dissolved in 40 μL of dry THF) was 
then added. After sufficient time, 0.38 mmol enantiomerically pure sec-alcohol (S)-
26 was added (t = 0) and the mixture was kept at room temperature. Enantiomeric 
excess (ee) of the alcohol was determined by periodic aliquots for chiral GC. Activa-
tion time: complexes 5 and 13: 10 min, analogue 14: 30 min, analogue 15: 60 min. 
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It is important to clarify that the poor performance of analogue 15, in the 
racemization of alcohols (S)-25 and (S)-26 (Figure 2.4), was only partially 
based on a substrate-catalyst mismatch. Upon close inspection of the reac-
tion, it was observed that analogue 15 displayed a significantly slower acti-
vation by tert-BuOK than the other complexes at room temperature. Instigat-
ed by this finding, a qualitative study was performed where the alcohol sub-
strate (S)-25 was added to each complex at different time points after the 
addition of tert-BuOK (each “time point” corresponded to a separate reac-
tion) and the initial rate of the racemization reactions were followed by GC. 
If the complexes were fully activated upon the addition of the alcohol, the 
initial rates of the racemization should be at their maximum values, while a 
partially activated complex would give rise to an irregular reaction profile 
with an initial plateau. From these experiments, it was found that complexes 
5 and 13 were fully activated within 10 min, while analogue 14 required a 
slightly longer activation time (~30 min). As observed earlier, the most elec-
tron-deficient analogue 15 was found to undergo the slowest activation and 
this study showed that it was only partially activated even after 90 min. Ad-
ditional signs of the insufficient activation of analogue 15, can also be seen 
from the irregular shape of the racemization curve of substrate (S)-25 (Figure 
2.5), where the highest rate was observed after 10 min. Unfortunately, at-
tempts to activate the analogue 15 at elevated temperatures and then perform 
the racemization at room temperature did not lead to any improved results. 
Additions of different silver salts to facilitate the removal of the chloride 
from 15 were also conducted, but all attempts caused the reaction solutions 
to turn black, which is indicative of catalyst decomposition. 

Another observation that was made in the racemization of (S)-26 was that 
ketone byproduct had been generated by all complexes to varying extent. 
Interestingly, the amount of ketone formed was found to vary depending on 
the electronic properties of the complexes in a fashion that was in accord-
ance with a rate-determining hydride re-addition step. As expected, the elec-
tron-rich analogue 13 produced the least amount of ketone (5% over 30 
min), confirming its efficiency in re-adding the hydride to the intermediate 
ketone of (S)-26. For the other experiments involving complexes 5, 14, and 
15, the amounts of formed ketone followed the anticipated trend and were 
measured to 6%, 8%, and 7%, respectively. Similar formation of ketone 
byproducts was not observed for any of the other substrates ((R)-23, (R)-24, 
and (S)-25).  
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2.3  Conclusions 
A small series of electronically modified analogues of complex 5 was suc-
cessfully synthesized and evaluated in the racemization of sec-alcohols with 
varying electronic properties. From this study, it was demonstrated that a 
faster racemization rate could be achieved by matching the electronic prop-
erties of the catalyst with the substrate. Consequently, the electron-deficient 
analogues 14 and 15 showed to be the most efficient racemization catalysts 
for the electron-deficient substrates (R)-23 and (R)-24, whereas the electron-
rich systems (S)-25 and (S)-26 underwent the fastest racemization with ana-
logue 13. The racemization study also afforded new mechanistic insights by 
revealing that the relative rates of β-hydride elimination and hydride re-
addition vary depending on the electronic properties of the substrate and 
catalyst. Furthermore, the experiments carried out at room temperature 
demonstrated that the introduced electronic modifications had a profound 
effect on the rate of activation of the complexes. Together, the results ob-
tained from this study should be valuable for extending the scope of applica-
tion of the (pentaarylcyclopentadienyl)Ru-complexes in racemization and 
DKR of sec-alcohols. 
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3.  The Mechanism of Racemization            
of sec-Alcohols Catalyzed by a 
Cyclopentadienyl Ruthenium Complex-
Investigation of CO Exchange (Paper II) 

3.1 Introduction 
In the recent decades, considerable attention has been directed towards 
mechanistic studies on ruthenium catalysts that are involved in transfer hy-
drogenation reactions.[94,100] Despite the fact that our group has extensively 
used complex 5 in the DKR of a wide range of sec-alcohols,[44-48,50,53-55] there 
has been some ambiguities regarding its mechanism. Particularly, the exact 
identity of the ketone-hydride intermediate constituted a key topic (cf. inter-
mediates 5c and 5c’ in Figure 2.1), which had not been experimentally ascer-
tained by previous efforts.[95]  

The mechanism depicted in Scheme 3.1 begins with the generation of the 
catalytically active tert-BuO-species 5a from the chloride precatalyst 5 and 
tert-BuOK. This activation event can be observed visually as a characteristic 
color change of the reaction solution from yellow to orange, and it has also 
been experimentally verified by 13C NMR studies.[46b] In detail, this occurs 
via the formation of the acyl intermediate 31, which subsequently undergoes 
rapid alkoxide migration from the CO ligand to the ruthenium center, form-
ing the tert-BuO-species 5a in the process. The existence of the intermediate 
31 was first predicted by our group using density functional theory (DFT) 
calculations, and was later confirmed by experimental studies involving 
NMR and in situ FT-IR. 

From here, the tert-BuO-species 5a can undergo an alcohol-alkoxide ex-
change in the presence of a substrate alcohol, to generate the ruthenium sec-
alkoxide intermediate 5b. This step was also suggested by computational 
studies to proceed via the assistance of the CO ligand; however, such an 
intermediate remains to be experimentally observed.[94c,d] In the ruthenium 
sec-alcohol intermediate 5b, racemization occurs via an inner-sphere mecha-
nism, giving a ketone-hydride intermediate in which the ketone remains 
coordinated to the metal center until it is reduced back to the racemic 
alkoxide. Since 5b is a coordinatively saturated 18-electron species, a free 
coordination site must be generated on the ruthenium in order to allow for 
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racemization by a β-hydride elimination mechanism. As previously men-
tioned, the two most plausible pathways from which this empty coordination 
site can be generated are; (i) η5 → η3 ring slippage of the cyclopentadienyl 
ring to give species 32, and (ii) dissociation of one of the CO ligands to af-
ford species 33. 

Intermediate 32, resulting from the ring slippage pathway was originally 
considered as the most probable candidate based on results obtained from 
mechanistic studies on the related Shvo hydride.  CO dissociation was not 
observed from the latter hydride complex,[100h] which led to the assumption 
that such a process would be unlikely to occur for complex 5 as well. How-
ever, subsequent DFT studies revealed that the potential energy barrier for 
the ring slippage pathway was significantly higher than that of CO dissocia-
tion (42 compared to 23 kcal/mmol).[94d] In addition, the Ru-O bond of struc-
ture 32 was suggested by the calculations to be surprisingly weak, which was 
in conflict with previous experimental observations. In the racemization of 
sec-alcohols, the intermediate ketone has been demonstrated to coordinate 
tightly to the ruthenium center, which prevents complex 5 from acting as an 
alcohol oxidation catalyst like Shvo’s catalyst 1.  

Therefore, in order to shed more light on this particular part of the race-
mization mechanism, this project was contrived and executed in an attempt 
to find experimental evidence that supports the computationally predicted 
CO dissociation pathway. 
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Scheme 3.1. Proposed pathways of the racemization of sec-alcohols catalyzed by 
complex 5.  
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3.2  Results and Discussion 

3.2.1  Investigation of the CO Exchange 
Initially, it was proposed to synthesize a 13CO-enriched version of complex 
5, and use it as a model system for monitoring the release of 13CO into solu-
tion by NMR. The synthesis was carried out according to a previously re-
ported protocol,[101] which afforded the desired 13CO-enriched complex 
[13CO]-5 with a 13CO-incorporation of 44% (Scheme 3.2). 
 
 

 

Scheme 3.2. Synthesis of the labeled complex [13CO]-5. 
 
 

For the exchange studies, complex [13CO]-5 (31 μmol) was dissolved in 
dry toluene-d8 (2.4 mL) and subjected to tert-BuOK (2.0 equiv.) in an NMR 
tube. Analyses were conducted using 13C NMR after the addition of gaseous 
12CO (0.3 or 0.9 equiv). Unfortunately, no peak at 184.7 belonging to free 
13CO could be observed, which was ascribed to the insensitivity of 13C NMR 
towards detecting small amounts of dissociated CO in the reaction solution.  

Instead, it was decided to directly follow the incorporation of 13CO over 
time for complex 5 and its corresponding tert-BuO-species 5a. In practice, 
this was done by adding gaseous 13CO (0.3 equiv.) to either of the two ruthe-
nium complexes (40 μmol) in toluene-d8 (0.8 mL) and then following the 
reaction by 13C NMR. To allow for a determination of the 13CO incorpora-
tion, the intensities of the Ru-CO signals at 197.1 and 202.8 ppm were com-
pared to those of reference spectra. The CO exchange of complex 5 was 
found to proceed at a relatively low rate, which warranted for monitoring of 
the reaction over a time span of 40 h (Figure 3.1a). However, in the case of 
the tert-BuO-species 5a, the CO exchange was observed to be much more 
facile (~20 times faster), and therefore aliquots were withdrawn already after 
30, 60 and 90 min, respectively (Figure 3.1b).  

The more facile CO exchange observed in 5a was explained by the more 
efficient π-donation by the tert-BuO-ligand in comparison to the chloride of 
5. This results in a better stabilization of the transition state towards losing a 
CO ligand, which facilitates CO dissociation from this intermediate.[102] 
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Figure 3.1. 13CO incorporation (%) versus time for a) complex 5 and b) complex 5a. 

3.2.2  Discovery of the tert-Butoxydicarbonylruthenium 
Complex 34 
Aside from providing insights into the kinetics of the 13CO incorporation for 
5 and 5a, the CO exchange studies also yielded the interesting finding that a 
new complex formed upon extended reaction times. It was found that the 
formation of this complex was accelerated by increased CO concentrations 
(>1 equiv.), which suggests that the special reaction conditions used in the 
CO exchange study play a key role in its formation. Originally, it was be-
lieved to be a decomposition product originating from the highly labile tert-
BuO-species 5a. However, upon careful examination of the 13C NMR spec-
trum, it was possible to identify the new compound as the 
carboalkoxydicarbonylruthenium complex 34 (Figure 3.2). This complex 
gave rise to three characteristic signals in the 13C NMR spectrum at 109.0 
ppm (cyclopentadienyl), 186.5 ppm (acyl) and 200.4 (CO) ppm. Moreover, 
complex 34 was also characterized by IR, where peaks at 1654 cm-1 (acyl), 
1983 cm-1 (asymmetric CO stretch), and 2037 cm-1 (symmetric CO stretch) 
could be observed. The collected characterization data were in good agree-
ment with the literature values of the related complex Ru(CO)2(COOtBu)(η5-
Me5C5) 35 previously prepared by Suzuki et.al.,[103] which verified the au-
thenticity of the structural assignment (Figure 3.2). 
 

 

Figure 3.2. The structure of the tert-butoxydicarbonylruthenium complexes 34 and 
35 with some of their characteristic 13C NMR shifts and IR peaks highlighted.   

   
               

IR peaks 34 35 
(CO)terminal 2037 2010 
(CO)terminal 1983 1968 
(CO)acyl 1654 1637 
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Interestingly, it also proved to be possible to independently synthesize 

and isolate complex 34, which was done by subjecting in situ formed 5a to a 
CO atmosphere in toluene for 3 h at room temperature. This protocol fur-
nished complex 34 as a brown and storage stable solid in quantitative yield, 
after concentration of the reaction solution in vacuo.  

Unfortunately, the existence of complex 34 proved that the mechanism 
for the CO exchange was more complex than initially anticipated, thus em-
phasizing the need of a more advanced mechanistic model (Scheme 3.3). To 
account for the formation and involvement of 34, a new mechanism was 
proposed where an empty coordination site on the ruthenium can be generat-
ed in two ways; either by dissociation of one 12CO ligand (Path A) or by 
alkoxide migration from the ruthenium center to a 12CO ligand (Path B). In 
the fully reversible Path A, coordination of 13CO to intermediates 37/37’ 
leads to the formation of a 13CO-enriched alkoxide complex ([13CO]-5a or 
[13CO]-36). Particularly notable in Path A is intermediate 37’, as this is the 
16-electron complex suggested to be responsible for the racemization of sec-
alcohols. In Path B, on the other hand, 13CO coordination to the intermediate 
acyl complexes 38/38’ gives rise to the irreversible formation of the 
carboalkoxydicarbonylruthenium complexes [13CO]-34/[13CO]-34’. 
 

Scheme 3.3. Proposed mechanism for the CO exchange process (Path A) and the 
formation of carboalkoxydicarbonylruthenium complexes [13CO]-34 and [13CO]-34’ 
(Path B).  

 
 

Multiple supports were found for the irreversible nature of the last step of 
Path B; (i) 13C NMR observations indicated that complex 34 constituted the 
endpoint of the reaction, (ii) the regeneration of 5a from pre-synthesized 34 
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by the use of heating and/or reduced pressure proved unsuccessful, (iii) ex-
change studies involving 34 showed no signs of 13CO-incorporation, and (vi) 
recent DFT calculations[102a] revealed that the formation of 34 from 5a is a 
highly exothermic process (34.5 kcal/mol). Complex 34 was also evaluated 
as a catalyst for the racemization of sec-alcohols under various conditions, 
but as expected it proved to be inactive in all cases, which was ascribed to its 
inability to generate a free coordination site for the hydride. 

3.2.3  CO Inhibition Study 
The results from the CO exchange study provide support for that CO disso-
ciation plays a key role in the racemization mechanism of sec-alcohols cata-
lyzed by complex 5. To obtain further support for this mechanism, it was 
decided to investigate how the racemization rate depended on the partial 
pressure of CO (Figure 3.3).  

The experimental set-up used for this study was reminiscent of a usual 
racemization reaction, where complex 5 (0.01 mmol, 1 mol%) was first acti-
vated by addition of tert-BuOK (0.03 mmol, 3 mol%) in dry toluene (2 mL). 
After stirring for 10 min, different amounts of CO (250-400 μL, 10.4-16.6 
μmol) were quickly injected by a gas-tight Hamilton syringe, followed by 
addition of (S)-1-phenylethanol 25 (1.00 mmol). All reactions were per-
formed in gas-tight microwave vials and were sampled by aliquot withdraw-
als for GC-analysis after 1, 3, and 10 min (after the addition of the substrate 
alcohol). Each experiment was reproduced at least twice and the average ee 
value for each reaction was plotted against the reaction time. To provide for 
a reference of the racemization rate for the uninhibited reaction, a control 
reaction was carried out in the absence of CO under otherwise unchanged 
conditions. 

As anticipated, the racemization rate was shown to be greatly dependent 
on the partial pressure of CO, since an inhibitory effect could be detected 
upon CO additions exceeding 300 μL (12.5 μmol). For instance, when 300 
μL of CO was added, the racemization rate decreased by almost a half. An 
increase of the amount of CO to 350 μL (14.6 μmol) resulted in an even 
stronger inhibition, where the ee of alcohol (S)-25 was still 85% after 3 min, 
which could be compared to 5% ee after the same time for the uninhibited 
reaction. An even slower racemization was observed upon addition of 400 
μL CO (16.6 μmol), where the alcohol (S)-25 still exhibited an ee of 80% 
after 10 min. At higher additions of CO (≥500 μL), no signs of racemization 
of (S)-25 could be observed within 10 min, which was attributed to a combi-
nation of strong CO inhibition and facile formation of complexes 34 and 34’ 
that depleted the amount of the catalytically active 5a. The combination of 
these two effects would also explain the non-linear behavior of the CO inhi-
bition, where the window of going from an uninhibited (250 μL) to a com-
pletely inhibited (≥500 μL) reaction was rather narrow. 
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Figure 3.3. Effect of varying amounts of added CO on the racemization of (S)-25.  
 

3.2.4  Outlook on Future Mechanistic Work 
Considering that the two studies described in Chapter 2 and 3 have focused 
on different aspects of the racemization mechanism involving 
pentaarylcyclopentadienyl)Ru-complexes, it is therefore appropriate to con-
clude the first part of the thesis by discussing how the results from these two 
studies relate to other mechanistic work done by our group. In light of the 
results obtained from the CO exchange and CO inhibition experiments, it 
now seems highly likely that CO dissociation constitute a critical step in the 
racemization of sec-alcohols catalyzed by complex 5. This observation is in 
line with previous DFT studies, which had shown that CO dissociation is 
more energetically favorable than η5→η3 ring slippage of the 
cyclopentadienyl ligand.[94d] Hence, the mechanism of complex 5 is expected 
to involve alcohol-alkoxide exchange, CO dissociation, β-hydride elimina-
tion and hydride re-addition as the key steps. 

An important topic to address further in future mechanistic studies is how 
the overall racemization rate depends on all these steps. Based on the results 
obtained from the racemization study using the electronically modified ana-
logues of complex 5, it appears that depending on the electronic properties of 
the substrate alcohol it is either the β-hydride elimination or hydride re-
addition that becomes the rate-determining step. However, previous DFT 
calculations have revealed that CO dissociation is associated with a high 
energy barrier, which could imply that it instead constitutes the rate-
determining step.[94d,102] Together, these contradictory findings regarding the 
rate-determining step of the racemization highlight that the current mecha-
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nistic model might not be complete, which calls for further research on this 
topic. One interesting question that could be addressed by such future efforts 
is whether the mechanism begins with CO dissociation from 5b, which gen-
erates the 16-electron complex 37’ that is actually the catalytically active 
species cycling through alcohol-alkoxide exchange, β-hydride elimination 
and hydride re-addition (Scheme 3.4). This mechanistic model[94d] would be 
consistent with the results from both experimental and computational stud-
ies. CO dissociation would then be a step that is positioned outside the cata-
lytic cycle, and which as a result of its high barrier only gives rise to a small 
amount of catalytically active 16-electron complex 37’ that carries out the 
racemization reaction. This 16-electron species 37’ should in turn be ex-
pected to be sensitive towards the electronic properties of the attached ligand 
and the substrate, as demonstrated by the studies described in Chapter 2. 
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Scheme 3.4. Alternative catalytic mechanism for the racemization of sec-alcohols 
with complex 5, which could provide for a unification of the experimental and com-
putational results. 
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3.3  Conclusions 
Extensive mechanistic work has been conducted on complex 5 with the aim 
of elucidating the mechanism for the racemization of sec-alcohols. By the 
use of 13C NMR, we managed to show that CO exchange occurs both in the 
chloride precatalyst 5 and the catalytically-active tert-BuO-species 5a, thus 
demonstrating that the proposed CO dissociation mechanism is reasonable. 
The CO exchange in 5a was found to proceed approximately 20 times faster 
than in 5, which was ascribed to a more efficient π-donation by the tert-
BuO-ligand that stabilizes the transition state for the CO dissociation. This 
work also provided evidence for the irreversible formation of the tert-
butoxydicarbonylruthenium complex 34 at an elevated partial pressure of 
CO. Moreover, a CO inhibition study was carried out in which the effect of 
various amounts of added CO on the racemization of (S)-25 was investigat-
ed. It could be shown that the racemization rate was clearly inhibited by 
increasing the partial pressure of CO. Together, the results obtained from 
this mechanistic work have provided unambiguous support for that CO dis-
sociation constitutes a key step in the racemization of sec-alcohols catalyzed 
by 5. Future mechanistic work will focus on studying the nature of the CO 
dissociation step and determine whether it is involved in the catalytic cycle 
or if it is just an initial activation step that does not need to be passed for 
each new alcohol. 
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4.  Highly Dispersed Palladium Nano-
particles on Mesocellular Foam: An 
Efficient and Recyclable Heterogeneous 
Catalyst for Alcohol Oxidation (Paper III) 

4.1  Introduction 
As previously discussed in Section 1.2.3, the use of air or molecular oxygen 
as terminal oxidants for catalytic oxidation of alcohols is associated with 
many advantages. This approach is particularly attractive from a green 
chemistry perspective, as it circumvents the use of toxic stoichiometric oxi-
dants and generates H2O as the single byproduct. Unfortunately, the high 
activation energy barrier of O2 constitutes a fundamental challenge, which 
has complicated the design of aerobic catalytic oxidation protocols. Howev-
er, it has lately been realized that heterogeneous systems, especially those 
based on transition metal nanoparticles, have the ability to directly activate 
O2 towards reactions with organic substrates.[17a,63a,104]  

Recently, our group reported on the synthesis of a heterogeneous catalyst 
based on Pd nanoparticles immobilized on amino-functionalized siliceous 
mesocellular foam (Pd0-AmP-MCF) and its application in the racemization 
of an amine.[49a] This silica-based material has been extensively studied as a 
support for both metal catalysts and biocatalysts,[24c,51b,105] which is primarily 
a result of its three-dimensional network of pores that confers a high internal 
surface area and shields the catalytic species from mechanical grinding, thus 
reducing the leaching of the catalyst. Furthermore, the MCF material has a 
high surface concentration of silanol groups that can be grafted with a wide 
range of functional groups, which enables the immobilization of different 
catalytic species, ranging from enzymes to nanoparticles and defined transi-
tion metal complexes. 

Considering the preceding reports on the successful utilization of nano-
particle-based catalysts for aerobic alcohol oxidation, we were also interest-
ed in evaluating the Pd0-AmP-MCF for this purpose. Also, observations 
made during previous work on amine racemization, suggested that the syn-
thetic protocol of the Pd nanocatalyst could be improved. During the recy-
cling experiments of the amine racemization under H2 atmosphere, it was 
found that the Pd nanocatalyst displayed a significantly lower activity in the 
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first cycle relative to the subsequent cycles, indicating that the catalyst was 
not completely reduced from the beginning.[49a] Therefore, this study also 
aimed at addressing this issue by further optimizing the synthetic protocol of 
the Pd0-AmP-MCF catalyst. 

4.2  Results and Discussion 

4.2.1  Synthesis and Characterization of the Pd0-AmP-MCF 
Nanocatalyst 

The MCF material used for the immobilization of the Pd nanoparticles was 
synthesized according to a previous procedure reported by the group of Ying 
(Scheme 4.1).[106] In this synthetic protocol, an oil-in-water microemulsion is 
prepared to yield an environment in which the mesoporous composite can be 
formed from the agglomeration reaction of simpler monomeric silica precur-
sors.  
 

   
Scheme 4.1. Synthetic procedure for the preparation of the siliceous mesocellular 
foam (MCF) support.  
 

This microemulsion was generated by mixing commercially available 
triblock copolymer “Pluronic® P123” and mesitylene in a dilute aqueous 
HCl solution. Tetraethylorthosilicate was then added which undergoes hy-
drolysis and agglomeration on the surface of the mesitylene/P123 
microdroplets, forming a composite around the droplets through hydrogen 
bonding interactions. In this process, referred to as the aging phase, the en-
capsulated mesitylene/P123 microdroplets are trapped within the emerging 
MCF composite, providing the foundation for the pore network of the final 
support material. At this stage of the reaction, it is possible to selectively 
enlarge the window size of the pores by the addition of NH4F in combination 
with modulation of the experimental parameters (e.g. temperature and time). 
After the aging-phase, the MCF composite is obtained as a fine white pow-
der that is subsequently filtered off and washed to remove soluble organic 
impurities. Finally, the MCF material is calcined at 550 °C to remove the 
entrapped organic template, leaving behind the hollow pore network. 
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The porous MCF was characterized by N2 adsorption and desorption iso-
therms, where the average pore and window size were measured by the use 
of the Barrett-Joyner-Halenda method to 29 nm and 15 nm, respectively. 
Moreover, the specific pore volume and Brunauer-Emmett-Teller surface 
area were determined to 2.36 cm3/g and 613 m2/g, respectively.  

The MCF material was then used as the heterogeneous support for the 
synthesis of the Pd0-AmP-MCF catalyst, as described in Scheme 4.2. The 
MCF was functionalized with aminopropyl groups in order to provide for 
efficient coordination of Pd. This was done by refluxing the MCF with (3-
amino)propyltrimethoxysilane in toluene under inert conditions. The amount 
of incorporated aminopropyl groups was assessed by inductively coupled 
plasma-optical emission spectroscopy (ICP-OES), which measured the ni-
trogen content to 1.52 wt%. 

 

 

Scheme 4.2. The synthesis of the Pd0-AmP-MCF catalyst. 
 
 
The complexation of the AmP-MCF with Pd to give the PdII-AmP-MCF 

precatalyst was performed in H2O (pH 8) using Li2PdCl4 as the Pd source. 
Gratifyingly, it was found that by applying slightly alkaline reaction condi-
tions during the complexation step, it was possible to achieve higher load-
ings of Pd than in the previous study.[49a] In the original synthetic protocol, 
the complexation step was carried out at pH 3, under which the majority of 
the amine ligands are in the protonated state. This drastically reduces the 
coordinative ability of the amine ligands, resulting in less efficient incorpo-
ration of Pd into the catalyst. 
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Reduction of the coordinated PdII-AmP-MCF to form the metallic nano-
particles was conducted using 10 equiv. of NaBH4 in H2O, which is the same 
amount of reducing agent used in the previous protocol. However in the case 
of the previous study, concerns were initially raised that the highly alkaline 
conditions caused by the NaBH4 could result in degradation of the base-
sensitive MCF material. Consequently, the reaction solution was adjusted 
from pH >12 to pH 10 by the use of 0.1 M aqueous HCl in attempts to pro-
tect the MCF, but unfortunately this also had a partial quenching effect on 
the NaBH4. In our study, we found out that such a pH adjustment was un-
necessary, as the reaction time for the reduction was too short to have a neg-
ative effect on the morphology of the MCF. Therefore by avoiding the addi-
tions of HCl, the full reducing power of the 10 equiv. NaBH4 could be re-
tained, thus allowing for a more efficient reduction of the PdII-AmP-MCF. 

The Pd0-AmP-MCF was characterized by several different techniques, in-
cluding ICP-OES, X-ray photoelectron spectroscopy (XPS), convergent 
beam electron diffraction (CBED) and transmission electron microscopy 
(TEM). The Pd content was determined to 8.25 wt% by ICP-OES analysis, 
which demonstrated the excellent coordination ability of the aminopropyl 
groups. High angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) and TEM allowed for an assessment of the size 
and distribution of the Pd nanoparticles, which showed a well-dispersed 
pattern of nanoparticles in a narrow size range of around 2 nm (Figure 4.1). 

 
 

 

Figure 4.1. Images taken of the Pd0-AmP-MCF showing well-dispersed Pd nanopar-
ticles and the porous morphology of the MCF material. a) TEM image with 20 nm 
scale bar. b) HAADF-STEM with 50 nm scale bar. 
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Furthermore, a combination of CBED and high-resolution TEM analysis 
confirmed that the observed Pd nanoparticles were crystalline in nature, 
which verified that the atoms within the nanoparticles were structured in a 
uniform and ordered arrangement. Analysis by XPS was carried out to de-
termine the Pd oxidation states present in the Pd0-AmP-MCF and the PdII-
AmP-MCF precatalyst (Figure 4.2). 
 
 

Figure 4.2. XPS spectra of the PdII-AmP-MCF precatalyst (left) and the Pd0-AmP-
MCF nanocatalyst (right).  
 
 

By examining the XPS spectrum of the PdII-AmP-MCF, a characteristic 
split peak with a maximum at 337.2 eV could be observed, and it was as-
signed to the 3d core level of a PdII-species. In the XPS spectrum of the Pd0-
AmP-MCF catalyst, this peak is shifted towards lower binding energies 
(335.5 eV) and was found to be in close agreement with literature values of 
bulk Pd metal (334.6 eV).[107] The difference in binding energy between the 
nanoparticular Pd0-species and bulk Pd metal is a result of the ligand interac-
tions present in the Pd0-AmP-MCF catalyst. Estimations made from the XPS 
spectra suggested that the PdII-component in the Pd0-AmP-MCF only ac-
counts for a small portion of the total signal intensity. However, it is unclear 
if this PdII content originates from unreduced species attached to the support 
surface or whether the nanoparticles contain some amount of incorporated 
PdII.  
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4.2.2  Condition Screening 
For the initial screening of the reaction conditions, 1-phenylethanol 25 was 
chosen as the model substrate. Experimental parameters, such as catalyst 
loading, solvents, reaction temperature and the concentration of O2 were all 
varied in attempts to optimize the catalytic protocol (Table 4.1).  

The screening was commenced by studying the effect of different solvents 
at 100 °C with 1.5 mol% Pd, and this revealed that the catalytic system dis-
played poor performance in polar aprotic solvent, such as MeCN, DMF and 
sulfolane (Table 4.1, Entries 1-3). Heteroatom coordination of the solvents to 
the Pd nanocatalyst was invoked as an explanation for the inhibitory effect 
observed in these reactions. Interestingly, the Pd0-AmP-MCF displayed ac-
tivity in H2O, but unfortunately a significant decrease in reaction rate could 
be observed when the atmosphere was changed from pure O2 to air (Table 
4.1, Entries 4-5). Although, H2O is an attractive solvent from a green chem-
istry perspective, it was not pursued in this study since we predicted several 
practical issues associated with its use. For instance, we anticipated that the 
low solubility of more hydrophopic substrates in H2O and its low boiling 
point would impose limitations on this catalytic protocol in terms of activity 
and generality. Also, the study aimed at selectively converting primary alco-
hols into aldehydes, and in this respect the use of H2O as solvent is particu-
larly problematic since it favors over-oxidation to the carboxylic acids. 

The best results during the solvent screening were obtained with unpolar 
solvents, such as α,α,α-trifluorotoluene (TFT), p-xylene and toluene (Table 
4.1, Entries 6-13). A particularly high efficiency was noticed when the reac-
tion was carried out in TFT at 100 °C with pure O2 atmosphere, where 
acetophenone 31 could be obtained in quantitative conversion within 1 h 
(Table 4.1, Entry 6). Gratifyingly, it was possible to obtain similar results 
with air atmosphere, by conducting the reaction in p-xylene at 110 °C (Table 
4.1, Entry 13). For the sake of convenience, the latter conditions (p-xylene, 
110 °C) were chosen for further studies, as it was expected that the substrate 
scope study would involve the oxidation of more challenging substrates, 
which would require elevated reaction temperatures. In this respect, p-xylene 
with its higher boiling point constitutes a better option than TFT (138 °C vs. 
108 °C). It is also more desirable, from a safety perspective, to develop a 
protocol that does not rely on high O2 concentrations, since this could limit 
the applicability of the catalytic system in large-scale processes. 

The effect of the catalyst loading on the reaction outcome was also evalu-
ated (Table 4.1, Entries 14 and 15); however, for further experiments it was 
decided to continue with 1.5 mol% Pd, as this gave the highest activity. In 
summary, after several screening experiments, the reaction conditions that 
were chosen for further studies were: alcohol (0.8 mmol), Pd0-AmP-MCF 
(1.5 mol%), under air atmosphere in p-xylene (2 mL) at 110°C. 
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Table 4.1. Screening of solvent, temperature, O2 concentration and catalyst loading 
in the aerobic oxidation of 25, using the Pd0-AmP-MCF nanocatalyst.[a] 

 

 

Entry Pd (mol%) Solvent, Temp   Atm. Conv.[b] (%) 

1 1.50 H2O, 100 °C O2 65 

2 1.50 H2O, 100 °C Air 21 

3 1.50 DMF, 100 °C O2 - 

4 1.50 MeCN, 85 °C O2 9 

5 1.50 Sulfolane, 100 °C O2 2 

6 1.50 TFT, 100 °C O2 99 

7 1.50 TFT, 100 °C Air 92 

8 1.50 p-xylene, 100 °C O2 93 

9 1.50 Toluene, 100 °C O2 82 

10 1.50 Toluene, 110 °C O2  97 

11 1.50 Toluene, 110 °C Air 90 

12 1.50 p-xylene, 110 °C O2 99 

13 1.50 p-xylene, 110 °C Air 99 

14 0.75 p-xylene, 110 °C Air 90 

15 1.00 p-xylene, 110 °C Air 95 

[a] All reactions were carried out on a 0.8 mmol scale in 2 mL of solvent for 1 h.    
[b] Conversion of 25 into 39 was determined by GC. 

 

4.2.3  Substrate Scope 
 

The optimized catalytic protocol proved to be compatible with a wide range 
of primary and secondary alcohols, affording the corresponding aldehydes 
and ketones in high yield and high selectivity (Table 4.2). In general, 
benzylic alcohols displayed higher reactivity compared to aliphatic alcohols, 
which were oxidized more slowly. In the case of the oxidation of benzylic 
substrates (Table 4.2, Entries 1-5, 7 and 8, 10-13, 17), it was also observed 
that the substituent on the phenyl group had a profound effect on the reaction 
rate. The presence of additional steric bulk or electron-withdrawing substitu-
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ents was found to significantly retard the reaction. This indicates that coor-
dination of the substrate by π-interactions to the Pd surface of the 
nanocatalyst constituted a key step in the reaction. As a result, the 
unsubstituted and relatively sterically-unhindered substrates 1-phenylethanol 
25, 1-indanol 49, and benzyl alcohol 55 gave the fastest reactions, affording 
the desired products in quantitative yields (against internal standard) within 
1 h (Table 4.2, Entries 1, 7, and 10).  

Remarkably, addition of electron-donating substituents in the para posi-
tion to the 1-phenylethanol motif, such as a methyl or methoxy group (Table 
5.2, Entries 2 and 3), required three times longer reaction times to go to 
completion compared to that of the reaction involving 25. This demonstrates 
that the negative effect arising from the additional steric bulk dominates over 
the beneficial electronic effect caused by electron-donating substituents. 
However, the reaction of 4-methoxybenzyl alcohol 57 was found to be an 
exception to this trend where the two opposing effects were found to cancel 
out each other, and aldehyde 58 could be obtained in quantitative yield al-
ready after 1 h (Table 4.2, Entry 11). On the other hand, the reaction involv-
ing the ortho isomer 59 showed to be greatly affected by the steric conges-
tion between the -OMe and the -CH2OH groups, and thus the reaction de-
manded a reaction time of 4 h to give comparable yields (Table 4.2, Entry 
12). 

Substrates that contained either an electron-deficient π-system (Table 4.2, 
Entry 4) or lacked it altogether (Table 4.2, Entries 6, 9 and 14-16), required 
increased catalyst loadings and/or elevated reaction temperatures in order to 
give high yields. The inability of these substrates to effectively coordinate to 
the catalyst surface was invoked as an explanation for their lower reactivity.  

Bulky alcohols, such as 1-(2-naphthyl)ethanol 45, benzoin 51 or 2-
naphthalenemethanol 61, could also be converted to the corresponding car-
bonyl products within 5-6 h in good to high yields (Table 4.2, Entries 5, 8, 
and 13). The secondary allylic alcohols 71, and 73, displayed a similar reac-
tivity towards the Pd nanocatalyst as 2-octanol 47, demonstrating that a sin-
gle C=C bond in the allylic position had a small effect on the coordinative 
ability of these substrates (Table 4.2, Entries 6 and 18-19). However, in the 
case of the more activated allylic alcohols 69 and 75, facile oxidation reac-
tions were observed and the desired carbonyl compounds 70 and 76 could be 
afforded in excellent yield within 3 h (Table 4.2, Entries 17 and 20). 

Interestingly, the Pd0-AmP-MCF also showed to tolerate the heterocyclic 
alcohols 77 and 79, without suffering from poisoning caused by strong het-
eroatom coordination to Pd. Hence, the carbonyl compounds 2-
thiophenecarboxaldehyde 78 and 4-acetylpyridine 80 was obtained in high to 
excellent yield under the optimized conditions (Table 4.2, Entries 21 and 
22). The ability to oxidize heterocyclic alcohols makes the Pd0-AmP-MCF 
an attractive alternative to homogeneous transition metal complexes, which 
have previously exhibited difficulties in catalyzing these reactions due to the 
poisoning effect arising from strong heteroatom to metal coordination.[74b] 
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Another advantage of this catalytic system is that it selectively gives the 
aldehyde products over the corresponding carboxylic acids for all the prima-
ry alcohols investigated in this study. In all cases, the amount of carboxylic 
acid was found to be <5%, which is remarkably low considering that stoichi-
ometric amounts of H2O are formed as a byproduct in the oxidation reac-
tions. 

 
  

 

Table 4.2. Nanopalladium-catalyzed aerobic oxidation of primary and secondary 
alcohols.[a]  
 

Entry   Substrate   Product 
Time 
(h) 

Conv.[b] 
(%) 

Yield[c] 
(%) 

1 

OH

25

O

39

1 >99 96 

2 

 

OH

40

3 98 97 

3 

OH

MeO
26

3 98 97 

4[d] 

43
F

OH

8 82 82 

5 

 

5 96 94 

6[d] 
 

8 82 79 
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7 1 >99 97 

8[e] 

52

O

O

 

6 97 96 

9 6 91 87[g] 

10 1 >99 99 

11 
57

OH

MeO

 

1 >99 98 

12 

59

OH

OMe

4 97 84 

13 5 96 84 

14[f] 8 98 77[g] 

15[h] 8 93 79[g] 

16[h] 8 88 74[g] 
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17[f] 3 >99 98[g] 

18[f] 

  

8 98 93[g] 

19[f] 

  

8 >99 87[g] 

20 

 

75

OH

 

3 97 93 

21 

 

 

 

 

10 99 99 

22 
N

OH

79

N

O

80

5 88 86[g] 

[a] Unless otherwise noted the reactions were carried out on a 0.8 mmol scale with 
1.5 mol% Pd in 2 mL of p-xylene at 110 °C under 1 atm of air. [b] Conversion of the 
starting material was determined by GC analysis using dodecane as an internal 
standard. [c] Isolated yield of the pure product unless otherwise noted. [d] 7.5 mol% 
Pd. [e] 4.5 mol% Pd. [f] 0.2 mmol scale with 7.5 mol% Pd in 4 mL p-xylene at 130 
°C under 1 atm of air. [g] Yield was determined by GC analysis using 1,3,5-
trimethoxybenzene as internal standard. [h] 0.2 mmol scale with 7.5 mol% Pd in 4 
mL mesitylene at 130 °C under 1 atm of air. 

 

4.2.4  Investigation of the Recyclability, Leaching and 
Scalability 
To establish the practical utility of the present catalytic protocol, factors such 
as recyclability, leaching and scalability were extensively studied. First, the 
recyclability of the Pd0-AmP-MCF was studied in the oxidation of 1-
phenylethanol 25 by subjecting the catalyst to five consecutive reaction cy-
cles. Between each cycle the Pd0-AmP-MCF was separated from the reaction 
solution by centrifugation. After extensive washing with p-xylene, fresh 
solvent and substrate were re-added to the Pd nanocatalyst and a new cycle 
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was immediately started. In all five cycles, the product acetophenone 39 was 
obtained in ≥98% yield within 1 h. The retained activity of the Pd0-AmP-
MCF could also be demonstrated by the use of kinetic experiments, where 
the conversion was monitored over time for the first and fifth cycle (Figure 
4.3). From this figure, it is clear that the catalyst displayed the same activity 
in the two reactions, thus confirming that no observable deactivation oc-
curred over the first five cycles.  

Further support for the high stability of the Pd nanocatalyst were obtained 
from another recycling study where additional portions of starting material 
25 were repeatedly injected to the reaction upon its completion (performed 
three times). This recycling experiment also showed that product inhibition 
upon increasing concentrations of 39 did not constitute a serious issue for the 
Pd nanocatalyst.  
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Figure 4.3. Kinetic experiment on the oxidation of 1-phenylethanol 25, first use (     ) 
and the fifth use (      ). 
 

 
The robustness of the Pd0-AmP-MCF was also assessed by TEM, where 

images were taken of nanocatalyst recovered from the fifth recycling cycle 
(Figure 4.4a), and compared to those of unused nanocatalyst (Figure 4.4b). 
Interestingly, the recycled Pd nanocatalyst showed a similar nanostructure to 
that of unused catalyst, where no significant changes in either the size or the 
distribution pattern could be observed.  
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Figure 4.4. a) Representative TEM image of unused Pd0-AmP-MCF. b) Representa-
tive TEM image of Pd0-AmP-MCF recovered from the fifth cycle. 

 
The amount of metal leaching from a heterogeneous catalyst constitutes 

another important practical aspect, as this can be the determining factor for 
whether a catalytic system can be used for large-scale industrial applications 
or not. As previously mentioned, metal impurities in the final product pose a 
major issue in both the fine chemical and pharmaceutical industry, and it is 
the primary reason for why heterogeneous protocols are generally preferred 
over homogenous ones.[8] Gratifyingly, the leaching for the Pd0-AmP-MCF 
catalyst was found to be low (≤5 ppm). To verify that the reactions were 
truly catalyzed through a heterogeneous mechanism and not by these minor 
amounts of leached Pd, a hot filtration test was carried out for the oxidation 
of 1-phenylethanol 25. In this experiment, the reaction solution (at 110°C) 
was filtered after 20 min (68% conversion of starting material) to remove the 
heterogeneous catalyst. The solid-free filtrate was then allowed to stir under 
identical conditions for 24 h to establish whether the oxidation of 25 contin-
ued. As expected, no further reaction was observed, which provided unam-
biguous evidence that the catalytic system operates solely through a hetero-
geneous mechanism. 

Large-scale experiments were performed on a 500 mmol scale of 1-
phenylethanol 25 (61.1 g), using a Dean-Stark set-up. Initially, the large 
scale reaction was performed using 6.8 × 10-4 mol% Pd under neat conditions 
and an air atmosphere at 160 °C. This afforded acetophenone 39 in 91 % 
conversion after 36 h, which corresponded to a TON and TOF of 135000 
and 3750 h-1, respectively. In attempts to improve the TON and TOF of the 
system, the catalyst loading was lowered to 1.7 × 10-4 mol% Pd and the at-
mosphere was changed to pure O2 (Figure 4.5). To our delight, this gave a 
conversion of 82% of 25 to 39 (77% isolated yield), which correspond to an 
excellent TOF of 25800 h-1 (up to 44% conversion) and an impressive TON 
of over 450000. It is also important to point out that auto-oxidation of the 
starting material occurs to some extent under these conditions. Therefore, 
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after establishing the background reaction the TOF and TON for the latter 
large-scale reaction were corrected to 23900 h-1 and 365000, respectively. 
Despite these corrections, the TON obtained with the Pd0-AmP-MCF is to 
our knowledge, among the highest ever reported for a heterogeneous catalyst 
employed in the aerobic oxidation of alcohols.[67b,69i,108] 
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Figure 4.5. Oxidation of 1-phenylethanol (25) to acetophenone (39) on a 500 mmol 
scale, using 1.7 × 10-4 mol% Pd and neat conditions under air atmosphere at 160 °C. 

4.3  Conclusions 
We have described an improved synthesis of a Pd0-AmP-MCF nanocatalyst, 
provided extensive characterization data, and applied it in the aerobic oxida-
tion of a wide range of primary and secondary alcohols. In general, the de-
sired aldehyde and ketone products could be obtained in high yields within 
short reaction times, when the reactions were performed in p-xylene under 
air atmosphere at 110 °C. The Pd nanocatalyst was found to be highly stable, 
which was demonstrated by its excellent recyclability and small metal leach-
ing in the oxidation of 1-phenylethanol 25. Moreover, the protocol was 
found be highly scalable, and as a result the oxidation reaction could be car-
ried out on a 500 mmol scale, giving impressive TON and TOF values of 
more than 365000 and 23900 h-1, respectively. Collectively, these features 
make the Pd0-AmP-MCF an attractive heterogeneous catalyst for the prepa-
ration of aldehydes and ketones on an industrial scale. 
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5.  Well-Defined Palladium Nanoparticles 
Supported on Amino-Functionalized 
Siliceous Mesocellular Foam: A Hetero-
geneous Catalyst for Chemically-Induced 
H2O Oxidation (Paper IV) 

5.1  Introduction  
To allow for the realization of a practical artificial photosynthetic device that 
has the capability to produce storable and sustainable fuels, an efficient and 
robust WOC must first be developed. In the light of this situation, a large 
number of research groups from several different fields have tried to solve 
this issue by developing various homogeneous and heterogeneous systems 
based on metals, such as Ru, Ir, Fe, Mn, Co, and Cu.[87,109] Unfortunately, the 
WOCs developed so far have still not displayed the combination of efficien-
cy and stability that is necessary for incorporation into a commercial fuel 
cell. In the case of the current heterogeneous WOCs, the primary limitation 
has been their low catalytic activity, as most of them are only capable of 
evolving O2 at substoichiometric levels (the amount of O2 produced is less 
than the amount of metal used), which is far from sufficient for practical 
applications.  

A potential way to solve this problem and concomitantly access more ac-
tive WOCs would be to examine nanostructured transition metal catalysts, 
which constitute a relatively underexplored frontier in H2O oxidation cataly-
sis at the moment. In organic chemistry, it has been demonstrated on several 
occasions that unique reactivities and selectivities can be achieved by the use 
of heterogeneous catalysts comprised of ≤2 nm metal nanoparticles.[17a,17c,18a] 

One of the most frequently applied metals for this purpose is Pd, which has 
been found to be highly efficient and selective for a wide range of transfor-
mations, including C-H activation, oxidation, reduction and C-C bond form-
ing reactions.[110] However, despite the rich variety of WOCs developed 
within the field of artificial H2O oxidation, there has for a long time existed a 
conspicuous lack of Pd-based systems for this transformation. It was not 
until very recently when Kwon et al. successfully showed that subnanometer 
Pd cluster anchored onto an ultrananocrystalline electrode could function as 
an electrochemical catalyst for H2O oxidation.[111] Independently from this 
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seminal study, we investigated the possibility of using the Pd0-AMP-MCF as 
a heterogeneous catalyst for chemically-induced H2O oxidation, employing 
either CeIV or [Ru(bpy)3]

3+ as terminal oxidant. It was envisioned that the 
desirable nanostructure of this Pd nanocatalyst could enable a unique H2O 
oxidation reactivity that has not been observed previously for molecular Pd 
complexes or bulk Pd metal.  

5.2  Results and Discussion 

5.2.1  Catalytic H2O Oxidation Experiments 
The initial evaluation of the Pd0-AmP-MCF for catalytic H2O oxidation was 
conducted using CeIV as the chemical oxidant. The outcome of the reaction 
was determined on the basis of the concomitant O2 evolution, which was 
followed by real-time mass spectrometry. Interestingly, an immediate evolu-
tion of O2 could be observed upon addition of an aqueous CAN solution 
(~42 equiv. CeIV) to the Pd nanocatalyst, which over the course of 50 min 
reached a TON of approximately 0.8.  

Having established that the Pd0-AmP-MCF catalyst could indeed mediate 
H2O oxidation, it was thereafter decided to determine whether this catalyst 
was compatible with the mild one-electron oxidant [Ru(bpy)3]

3+. As previ-
ously stated, this oxidant is more practical in an artificial photosynthetic 
device since it can be photochemically regenerated from the corresponding 
[Ru(bpy)3]

2+-complex 7 and thus allows for the H2O oxidation process to be 
driven by light. These catalytic experiments were performed under neutral 
conditions (0.1 M phosphate buffer, pH 7.2) employing excess of 
[Ru(bpy)3]

3+. To our delight, the Pd0-AmP-MCF was also found to evolve 
substantial amounts of O2 under these conditions, achieving a high TOF of 
of 2.7 × 10-2 s-1 per bulk Pd content (Figure 5.1a). In comparison to the cata-
lytic activity observed for previously reported heterogeneous materials,[112] it 
becomes apparent that the performance of the Pd0-AmP-MCF constitutes a 
significant leap forward in the field of heterogeneous H2O oxidation cataly-
sis. Moreover, the TON for the Pd nanocatalyst was measured to 10, which 
makes it one of the few heterogeneous systems that can exceed a stoichio-
metric production of O2 and truly have a catalytic role in the reaction.  

To determine that the evolved O2 originated from the solvent H2O and not 
from any other oxygen source, the [Ru(bpy)3]

3+-driven experiment was re-
peated with isotopically labelled H2O (H2

18O, Figure 5.1b). The amounts of 
proportionally enriched O2 evolved from this reaction were also quantified 
by real-time mass spectrometry. From the ratio of the isotopologues 
18,18O2/

16,16O2 and 18,16O2/
16,16O2, it was confirmed that the solvent H2O is the 

sole source of the oxygen in the generated O2.  



 59

 

Figure 5.1. a) Kinetic curves for O2 evolution by the Pd nanocatalyst vs time. Con-
ditions: An aqueous phosphate buffer solution (0.1 M, pH 7.2, 0.5 mL) was added to 
the oxidant [Ru(bpy3)](PF6)3 and the Pd nanocatalyst. (▲) Pd nanocatalyst (20 μg, 
15.1 nmol), [Ru(bpy3)](PF6)3 (7.0 mg, 7.0 μmol), (●) Pd nanocatalyst (250 μg, 0.19 
μmol), [Ru(bpy3)](PF6)3 (45 mg, 45 μmol). Chemical H2O oxidation catalyzed by 
the Pd nanocatalyst in isotopically labeled H2O (15.5% H2

18O). Experimental condi-
tions: Reactions were carried out in an aqueous phosphate buffer solution (0.1 M, 
pH 7.2, 0.5 mL, 15.5% H2

18O) with the Pd nanocatalyst (0.36 mg, 0.27 μmol Pd) 
and [Ru(bpy)3](PF6)3 (5.30 mg, 5.30 μmol). (■) 16,16O2, (●) 16,18O2, (▲) 18,18O2. 

 Also, to verify that the Pd nanoparticles were required for the observed 
O2 evolution, control experiments were performed both without Pd0-AmP-
MCF and with pristine AmP-MCF. Both these control experiments affirmed 
the catalytic role of the Pd nanoparticles in the H2O oxidation event, as no 
O2 evolution could be detected in their absence.  

To demonstrate the unique reactivity of the Pd0-AmP-MCF, its activity 
was compared to those of commercial Pd/C and Pd(OH)2/C in the 
[Ru(bpy)3]

3+-driven H2O oxidation. The distribution of the Pd in these two 
commercial heterogeneous catalysts was assessed by the use of HAADF-
STEM, showing that both catalysts contained Pd particles of a very broad 
size range, which was unevenly distributed across the carbon support surface 
(Figure 5.2). This is in sharp contrast to the nanostructure of the Pd0-AmP-
MCF, which exhibits a well-dispersed pattern of Pd nanoparticles in a nar-
row size range (1.5-2.6 nm). In the catalytic H2O oxidation experiments, the 
two commercial catalysts were found to be inferior when compared to the Pd 
nanocatalyst, as they were only capable of evolving negligible amounts of 
O2, when subjected to corresponding amounts of [Ru(bpy)3]

3+. This clearly 
demonstrates that the impressive performance of the Pd0-AmP-MCF catalyst 
can be ascribed to its favorable nanostructure, which permits access to a 
reactivity that is not possible to achieve with other commercially available 
heterogeneous catalysts with disordered Pd distributions. 
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Figure 5.2. Images taken of commercial heterogeneous Pd catalysts by HDAAF-
STEM. a) Pd/C with 0.2 μm scale bar. b) Pd/C with 50 nm scale bar. c) Pd(OH)2/C 
with 0.2 μm scale bar. d) Pd(OH)2/C with 50 nm scale bar. 
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5.2.2  Recycling and Leaching Experiments  
In order to be able to justify the use of heterogeneous catalysts over their 
homogeneous counterparts, it is of great importance to establish both their 
stability and the degree of metal leaching under the applied reaction condi-
tions. For this purpose the [Ru(bpy)3]

3+-driven H2O oxidation was chosen as 
the model reaction, as it is of the most practical relevance for future research 
in solar energy conversion schemes. 

The results from the recycling study are shown in Figure 5.3a, and verify 
that the Pd nanocatalyst could be successfully re-used without any substan-
tial decrease in activity. This is an encouraging observation as it confirms 
that these types of heterogeneous nanoparticle based catalysts show a poten-
tial long-term stability, which is one of the most important requirements to 
fulfill for a WOC component within a photosynthetic fuel cell. To further 
demonstrate the robustness of the Pd0-AmP-MCF, it was recovered and ana-
lyzed by HAADF-STEM after use in a catalytic H2O oxidation experiment. 
As expected, the Pd nanocatalyst showed to retain its nanostructure and no 
observable changes in either particle size or dispersion could be seen (Figure 
5.3b). In combination, the recycling experiment and the STEM-analysis sug-
gested that the cease in O2 evolution that was observed after approximately 
15 min in the catalytic experiments (cf. Figure 5.1a), is not due to degrada-
tion of the heterogeneous catalyst but rather to decomposition or depletion of 
the [Ru(bpy3)]

3+ oxidant.  
Liquid aliquots were also withdrawn from the recycling study to allow for 

the determination of the Pd leaching under the applied reaction conditions. 
From ICP-OES analysis, the Pd leaching of the first and second cycle was 
determined to 0.8 ppm and 0.2 ppm, respectively. This is a remarkably low 
value considering that H2O oxidation catalysis is associated with highly oxi-
dative conditions, and provides support that the simple aminopropyl groups 
are capable of retaining the Pd nanoparticles on the support surface through-
out the reaction. This is a somewhat surprising result given that amine-
containing ligands have been shown to undergo facile oxidation in homoge-
neous systems under H2O oxidation conditions that ultimately lead to degra-
dation of the molecular complex,[113] and suggests that the currently used 
heterogeneous approach is less aggressive towards the grafted organic lig-
ands. 
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Figure 5.3. a) Recycling study of the [Ru(bpy3)]
3+-driven H2O oxidation. Experi-

mental conditions: An aqueous phosphate buffer solution (0.1 M, pH 7.2, 0.5 mL) 
was added to the to the Pd nanocatalyst (0.36 mg, 0.27 μmol Pd) and 
[Ru(bpy)3](PF6)3 (5.3 mg, 5.3 μmol). (■) 1st run, (●) 2nd run. b) HAADF-STEM 
image (with 20 nm scale bar) of Pd0-AmP-MCF recovered from a catalytic H2O 
oxidation experiments with [Ru(bpy3)](PF6)3 used as the chemical oxidant.  

5.3  Conclusions  
We have reported on the successful application of the Pd0-AmP-MCF for 

chemically-driven H2O oxidation, using either CeIV or [Ru(bpy)3]
3+ as the 

terminal oxidant. When employing the mild one-electron oxidant 
[Ru(bpy)3]

3+, the Pd nanocatalyst displayed a remarkably high TOF of 2.7 × 
10-2 s-1, which is one to two orders of magnitude higher than those of previ-
ously reported heterogeneous metal-based materials. Also, in contrast to 
most of the previously reported heterogeneous protocols for this reaction, the 
Pd0-AmP-MCF was capable of evolving quantities of O2 that exceeded the 
amount of catalyst used. Complimentary to its high catalytic activity, the Pd 
nanocatalyst also exhibited many of the typical benefits associated with a 
heterogeneous catalyst, such as straightforward and cost-effective synthesis, 
high stability, excellent recyclability and low metal leaching. Together, the 
results obtained from this study on the Pd0-AmP-MCF highlight the potential 
of nanostructured catalysts holds for advancing the field of heterogeneous 
H2O oxidation catalysis. 
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6.  Co-immobilization of an Enzyme and a 
Metal into the Compartments of 
Mesoporous Silica for Cooperative 
Tandem Catalysis: An Artificial 
Metalloenzyme (Paper V) 

6.1 Introduction 
Despite the tremendous progress that has been made within the field of ca-
talysis during the last century, man-made catalytic protocols are still inferior 
when compared to the processes occurring within living cells. In living sys-
tems, enzymes function in a cooperative and well-orchestrated fashion to 
achieve highly efficient and selective “one-pot” tandem catalyzed transfor-
mations, in which simple building blocks are converted into complex mole-
cules under mild reaction conditions.[114] In this respect, the metalloenzymes 
constitute perhaps the most impressive examples, as they are generally in-
volved in many important and intricate multi-step processes, such as H2O 
oxidation,[84a, 115] photosynthesis,[82] and nitrogen fixation.[116] Their remarka-
ble catalytic performance is made possible by the metal-containing cofactors 
that are incorporated into the enzyme structures, which permit access to a 
broader scope of reactivity that cannot be accomplished with the chemistry 
of the amino acids alone.  

Ever since the seminal work done by Wilson and Whitesides in 1978 
(Figure 6.1),[117] extensive research has been dedicated towards the construc-
tion of artificial metalloenzymes containing non-natural metal cofactors. The 
aim of this research has been to develop catalysts that combine the rich 
chemistry of the transition metals with the activity and selectivity of natural 
enzymes, in attempts to achieve unprecedented and highly efficient chemical 
transformations. Numerous methods to create artificial metalloenzymes have 
been reported so far;[118] however, most of them involve the anchoring of an 
organometallic species to a protein, either via covalent, dative, or 
supramolecular interactions. Although many impressive catalytic protocols 
have been accomplished by the use of this methodology,[118] they are still 
limited by the fact that the catalytic activity of the metalloenzyme arises 
solely from the introduced metal species, meaning that the protein only 
serves as a ligand controlling the enantioselectivity. 
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Figure 6.1. The first example of an artificial metalloenzyme was reported by Wilson 
and Whitesides, and made use of the irreversible binding between the protein avidin 
and its natural ligand biotin. The biotin ligand was transformed into an Rh- catalyst, 
which within the chiral protein binding pocket could catalyze the enantioselective 
hydrogenation of α-acetamidoacrylic acid. 

 
 

In this perspective, we sought an alternative method for creating artificial 
metalloenzymes that combined the unique reactivities of both the enzyme 
and the transition metal species. Currently, there only exist a handful of ex-
amples of catalytic entities, which display this proposed bifunctionality. Kim 
and co-workers have reported on a bifunctional metalloenzyme mimic, 
which was created by the generation of Pt nanoparticles within a bacterial 
aminopeptidase. This catalyst was successfully employed in a two-step cas-
cade reaction, involving first the enzyme-catalyzed amide bond cleavage of 
glutamic acid p-nitroanilide followed by a Pt-catalyzed reduction of the lib-
erated p-nitroanilide to p-phenylenediamine (Scheme 6.1).[119]  

 
 

 

 

Scheme 6.1. A two-step cascade reaction catalyzed by a bifunctional metalloenzyme 
mimic.  
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Recently, Filice et al. made use of the same method to introduce Pd nano-
particles into the interior of a lipase, to create a biohybrid that could be used 
as a catalyst for several organic transformations.[120] Another interesting con-
cept for the deracemization of amines that was reported by Foulkes et al. 
made use of living catalytic entities.[121] Here, Escherichia coli bacteria were 
engineered to simultaneously express monoamine oxidase enzymes into the 
intracellular environment and bind Pd nanoparticles onto their outer mem-
brane, and together these two catalytic species cooperatively performed the 
desired cascade reaction.  

A general and more attractive strategy for the construction of 
metalloenzyme mimics proposed by our group was to co-immobilize the 
transition metal species and the enzyme within the same cavities of a 
mesoporous support. This would bring the transition metal catalyst and the 
enzyme together in a close proximity, allowing them to operate more effi-
ciently in a cooperative fashion. Furthermore, this approach would provide 
access to the advantages of heterogeneous catalysis, which involve simple 
separation and recycling of the catalyst.  

To demonstrate the utility of this co-immobilization method, the DKR of 
a primary amine was chosen as the model reaction. This transformation con-
stituted a suitable choice as our group had previously reported on separate 
heterogeneous protocols for the KR and racemization of these substrates. 
The Pd0-AmP-MCF catalyst was in the original study disclosed as an effi-
cient and enzyme-compatible catalyst for the racemization of a primary 
amine, and consequently it could be used in combination with CALB in a 
DKR reaction.[49a] Recently, we also reported on the immobilization of 
CALA onto the same MCF material, by employing a glutaraldehyde-based 
Schiff base-coupling strategy.[51b] The resulting MCF-supported CALA dis-
played significantly higher E-value (500 vs 27) and thermostability in the 
KR of β-amino esters than unsupported CALA. 

In theory, it was proposed that the synthesis of such a bifunctional hybrid 
catalyst could be achieved by simply combining the two previous protocols 
for enzyme and Pd nanoparticle immobilization. This would provide for a 
single and recyclable catalytic entity that would be capable of performing 
both half-reactions of a DKR, i.e. racemization and kinetic resolution (Figure 
6.2).  
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Figure 6.2. General principle for the cooperative tandem catalysis performed by the 
proposed hybrid catalyst in the DKR of 1-phenylethylamine.  

Results and Discussion 

6.2.1  Synthesis and Initial Evaluation of a Series of Pd/Enzyme 
Hybrids 

Considering the past success of using CALB as a resolving agent in the DKR 
of primary amines,[49c] it was a natural choice to select this lipase as the en-
zyme constituent for the hybrid catalyst. For the synthesis of the hybrid cata-
lyst, it was first decided to start from the Pd0-AmP-MCF catalyst (7.91 wt% 
Pd) and chemically modify its free aminopropyl groups so they could ac-
commodate CALB. Elemental analysis verified the viability of this proposed 
strategy by determining the Pd:N ratio of the Pd nanocatalyst to~1:1.4, 
which indicated that there existed a large number of aminopropyl groups on 
the material surface that did not coordinate to any Pd.  

In accordance with the previous protocol for immobilization of CALA 
onto the MCF support,[51b] glutaraldehyde was again chosen as the enzyme 
linker for the hybrid catalyst. As shown in Scheme 4.2, post-
functionalization of the Pd0-AmP-MCF commenced by stirring it together 
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with glutaraldehyde in phosphate buffer (pH 8) at room temperature for 24 h. 
In this reaction, one end of the glutarldehyde linker is attached to the 
aminopropyl groups of the support via an imine bond (Schiff base-coupling), 
while the other end is free to connect to the enzyme in the next step. By ex-
ploiting the lysine residues on the surface of the CALB, the enzyme can then 
be covalently linked to these glutaraldehyde functionalities via another 
Schiff base-coupling. 
 

Scheme 6.2. Two-step synthesis of the Pd/CALB hybrid from the Pd0-AmP-MCF 
nanocatalyst, employing a glutaraldehyde-based Schiff base-coupling strategy. 

 
 
In practice, the immobilization of CALB was performed in a similar 

manner to the previous step, i.e. by stirring the glutaraldehyde-functionalized 
Pd0-AmP-MCF catalst (hereon referred to as Pd0-GA-AmP-MCF) together 
with the enzyme in phosphate buffer (pH = 7.2) at room temperature over-
night. To establish the optimal loadings of both components, different hybrid 
catalysts with varying amounts of glutaraldehyde (0.1, 0.5, and 2.0 equiv. 
with respect to the aminopropyl groups on the support) and CALB (5.5 wt% 
(low) and 17 wt% (high) of enzyme with respect to the Pd0-AmP-MCF) were 
prepared and evaluated in the racemization and KR of 1-phenylethylamine 
81.  

As apparent from Figure 6.3, the racemization activity of the hybrid cata-
lysts was found to be greatly affected by the amount of glutaraldehyde used 
in the post-functionalization step. To allow for an accurate quantification of 
the glutaraldehyde-induced deactivation of each hybrid, the kinetic profiles 
of the hybrid racemization reactions were compared to that of the 
unfunctionalized Pd0-AmP-MCF catalyst.  

For this comparison, the slopes of the graphs were extracted from the lin-
ear regime and used to establish a relative racemization rate to the standard 
reaction involving unfunctionalized Pd0-AmP-MCF (which was set to 
100%). The hybrid with 0.1 equiv. of glutaraldehyde, was found to maintain 
75% of the racemization activity, whereas the hybrids with 0.5 equiv. and 
2.0 equiv. glutaraldehyde displayed more pronounced deactivation (only 
49% and 16% of the activity were preserved). It is not clear why the 
glutaraldehyde linker has such a dramatic negative influence on the racemi-
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zation rate, but one explanation could be that the aldehyde moieties quench 
the intermediate Pd hydride species which are responsible for the racemiza-
tion. Interestingly, the amount of immobilized enzyme, on the other hand, 
did not seem to have any noticeable influence on the racemization rate, as 
seen from the similar results of hybrid-GA0.1-Ehigh and hybrid-GA0.1-Elow.  
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Figure 6.3. Racemization of (S)-1-phenylethylamine 81 catalyzed by Pd0-AmP-
MCF and the various hybrids. The reactions were performed using 0.60 mmol amine 
and 6.00 μmol Pd catalyst under 1 atm. of H2 at 80 °C.  

 
Next, we probed the activities and enantioselectivities of the hybrid cata-

lysts in the KR of 1-phenylethylamine 81 at 80 °C (Table 6.1). By omitting 
the hydrogen atmosphere it is possible to evaluate the hybrids strictly on a 
KR basis, as the Pd nanoparticles do not exhibit any racemization activity in 
the absence of H2. In contrast to the racemization, the KR reaction was not 
affected by varying amounts of glutaraldehyde, and was instead found to 
solely depend on the amount of immobilized CALB. By using the hybrid 
catalyst that contained the lower CALB loading, a conversion of 18% could 
be achieved within 1 h with a product ee of 99% (Table 6.1, Entry 1). As 
expected, more efficient KRs were obtained by employing the hybrids that 
housed higher enzyme loadings and to our delight the ee’s remained excel-
lent in all cases (Table 6.1, Entries 2-4). The minor variations in KR activity 
that was observed among the hybrid catalysts were ascribed to the small 
differences in the CALB loading between them. Gratifyingly, the hybrids 
gave similar results to that of “Pd-free” CALB-MCF (attached via the same 
glutaraldehyde linker), demonstrating that the co-immobilization strategy 
keeps the two species separated and prevents them from deactivating each 
other. 
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Table 6.1. Kinetic Resolution (KR) of 1-phenylethylamine 81 by the hybrid cata-
lysts and a CALB-MCF reference. 

 

 

Entry Hybrid 
eep  
[%] 

CALB 
[wt%][b] 

Conv.[c]  
[%] 

E-value[c][d] 

1 H-GA0.1-Elow 99 5.20 18 >200 

2 H-GA0.1-Ehigh 99 15.6 36 >200 

3 H-GA0.5-Ehigh 99 14.4 36 >200 

4 H-GA2.0-Ehigh 99 17.0 40 >200 

5 CALB-MCF 99 17.0 39 >200 

[a] Reaction conditions: 1-phenylethylamine 81 (0.60 mmol), ethylmethoxy acetate 
83 (1.20 mmol), Na2CO3 (50 mg) and hybrid catalyst (10 mg) were dissolved in 
toluene (1 mL) and stirred at 80 °C for 1 h. [b] Determined by elemental analysis 
(ICP-OES). [c] Determined by GC analysis. [d] Calculated from the ee of starting 
amine and product amide, using the equations developed by Chen et al.[122] 

 
At first glance, it might seem unexpected that the CALB loading did not 

correlate with the amounts of glutaraldehyde in the hybrids. However, it is 
important to clarify that 0.1 equiv. of glutaraldehyde is more than sufficient 
for immobilizing the amounts of enzyme that was used in this study. The 
initial motivation for using excess amounts of glutaraldehyde was to ensure 
an efficient incorporation of CALB into the hybrids. We envisioned that a 
firm anchoring of the CALB in the hybrid was of key importance as it would 
allow for an improved recyclability of the catalyst, and therefore we had to 
settle with the inhibitory effect of the glutaraldehyde linker on the racemiza-
tion rate.  

Based on the results obtained from the racemization and the KR, the hy-
brid synthesized from 0.1 equiv. of glutaraldehyde and 17 wt% CALB (hy-
brid-GA0.1-Ehigh) was chosen for characterization and DKR experiments. 
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6.2.2  Characterization of Hybrid-GA0.1Ehigh 
Elemental analyses by ICP-OES determined the CALB and Pd content of the 
hybrid to 15.6 wt% and 4.80 wt%, respectively. To our delight, these data 
showed that the glutaraldehyde-based immobilization strategy allowed for a 
highly efficient incorporation of enzyme, as 92% of the loaded CALB were 
successfully attached to the support. 

Another crucial piece of information that needed to be established was if 
the immobilized enzymes were distributed evenly over the support. Unfortu-
nately, it is not possible to directly observe enzymes by TEM, and therefore 
a method had to be devised that allowed for the visualization of the CALB 
(Scheme 6.4). For this purpose, it was chosen to tag the CALB with Au na-
noparticles as they can be easily attached to free thiol groups on enzymes 
and would give a strong response on TEM. CALB has three disulfide bridges 
present on its surface, which could be cleaved by treatment with tris(2-
carboxyethyl)phosphine (TCEP). The TCEP-treated CALB was subsequent-
ly mixed with commercially available colloidal solutions of Au nanoparticles 
(2 nm and 5 nm), to furnish Au nanoparticle-tagged CALB. For practical 
reasons, ICP-OES analysis was only done on the Au nanoparticle-tagged 
enzyme residue that was collected from the 2 nm reaction, and it showed that 
14% of the CALB had been successfully tagged with Au nanoparticles. Alt-
hough, this method gave a low degree of enzyme tagging, this partially Au 
nanoparticle-tagged CALB was still considered to be sufficient for use in 
further TEM experiments, which only aimed at qualitatively determining the 
enzyme distribution. 

This characterization study was performed by first stirring Pd0-GA0.1-
AmP-MCF with the residue containing Au nanoparticle-tagged CALB (2 nm 
and 5 nm) in phosphate buffer at room temperature overnight, and then ana-
lyzing the resulting Au-tagged hybrid catalyst by HAADF-STEM (Figure 
6.4). Both the 5 nm (Figure 6.4a) and 2 nm (Figure 6.4b) Au nanoparticle-
tagged hybrid catalysts exhibited a well-dispersed distribution of the Au 
particles, which confirmed that the enzymes were evenly distributed onto the 
support. From Figure 6.4c, it is clear that the CALB/Au-nanoparticle conju-
gate could enter a pore and position itself in close proximity to the Pd nano-
particles. To affirm that the Pd nanoparticle distribution was not affected by 
the enzyme immobilization step, non-tagged hybrid catalysts were also stud-
ied by HAADF-STEM (Figure 6.4d). From this experiment, it could be con-
firmed that the Pd nanoparticles retained both their size and distribution after 
the enzyme had been anchored. Together, the results obtained from the TEM 
analyses on the Pd nanoparticle and CALB distributions, showed that the 
two catalytic-species were greatly intermixed, which is a prerequisite for 
efficient cooperativity during catalysis. 
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Figure 6.4. HAADF-STEM images of the Au nanoparticle-tagged hybrid-
GA0.1Ehigh. For clarity, some of the Au (yellow) and Pd (red) nanoparticles have 
been highlighted with arrows. a) 5 nm Au nanoparticle-tagged hybrid-GA0.1Ehigh (0.1 
μm scale bar). b) Magnification of the hybrid with 5 nm Au tags shows an enzyme 
residing within a pore of the MCF alongside with the Pd nanoparticles (20 nm scale 
bar). c) 2 nm Au nanoparticle-tagged hybrid-GA0.1Ehigh (20 nm scale bar). d) Refer-
ence of hybrid-GA0.1Ehigh without Au nanoparticle tags (20 nm scale bar). 

 

6.2.3  DKR of 1-phenylethylamine with Hybrid-GA0.1Ehigh 

The initial attempts to use hybrid-GA0.1Ehigh in the DKR of 1-
phenylethylamine 81 were conducted at 80 °C, as both the KR and the race-
mization had been found to proceed efficiently at this temperature. However, 
as shown in Table 6.2, this temperature was found to be unsuitable for the 
DKR reaction, since the desired amide (R)-82 could only obtained in moder-
ate yield (Table 6.2, Entry 1) after 24 h. The low yield of the (R)-82 suggests 



 72 

that the CALB underwent deactivation under these conditions upon pro-
longed reaction times. This enzyme deactivation process was unfortunately 
not noticed during the KR screening phase, as those reactions were signifi-
cantly faster and reached near completion within 1 h. Therefore, it was de-
cided to lower the temperature to 70 °C in an attempt to decrease the enzyme 
deactivation (Table 6.2, Entry 2). To our delight, this provided the amide 
(R)-82 in 95% yield and 99% ee after 16 h. Moreover, by employing mo-
lecular sieves 4Å (MS 4Å) the reaction could be further improved, furnish-
ing (R)-82 in quantitative yield and 99% ee (Table 6.2, Entry 3). Interesting-
ly, the separate component DKR reactions with Pd0-AmP-MCF and CALB-
MCF displayed significantly lower efficiencies than those of the hybrid cata-
lyst (Table 6.2, Entries 4 and 5). This demonstrated the utility of the co-
immobilization strategy and provided evidence that a more efficient DKR 
could be achieved by bringing the two catalytic species closer together.  
 
 

Table 6.2. Comparison study of hybrid-GA0.1-Ehigh and the separate component 
system in the DKR of 1-phenylethylamine 81.[a] 

 

 

Entry Catalyst 
Time 
[h] 

Temp. 
[°C] 

Yield    
[%][b] 

ee      
[%][b] 

1 H-GA0.1-Ehigh 24 80 45 99 

2 H-GA0.1-Ehigh 16 70 95 99 

3 H-GA0.1-Ehigh
[c] 16 70 99 99 

4 Pd-MCF/CALB-MCF 16 70 66 99 

5 Pd-MCF/CALB-MCF[c] 20 70 89 99 

[a] Reaction conditions: All the reactions were carried out in toluene (2 mL) under 1 
atm. of hydrogen gas with 1-phenylethylamine 81 (0.60 mmol), ethyl methoxy ace-
tate 83 (1.20 mmol), dry Na2CO3 (50 mg), and pentadecane as internal standard. 
Depending on the experiment, either hybrid catalyst (30 mg, 15.6 wt% CALB, 4.80 
wt% Pd) or separate Pd0-AmP-MCF (18 mg, 7.91 wt%) and CALB-MCF (28 mg, 17 
wt%) were used. [b] Determined by chiral GC-analysis. [c] Performed with MS 4Å. 
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6.2.4  Recycling Study 
An important advantage of this heterogeneous methodology for creating 
artificial metalloenzyme mimics is the possibility to recycle the catalyst. The 
evaluation of the reusability of hybrid-GA0.1Ehigh was done for the DKR of 1-
phenylethylamine, which was performed both with and without MS 4Å (Ta-
ble 6.3). The hybrid-GA0.1Ehigh proved to be recyclable in both cases, but 
unfortunately a substantial decrease in efficiency was observed over consec-
utive cycles. In the case of the second cycle, it was still possible to achieve 
high yields and excellent ee’s of amide (R)-82 by extending the reaction 
time. However, in the third cycle this did not prove to be possible, at least 
not within practical reaction times, and thus (R)-82 was only obtained in 
modest yield. 
 

Table 6.3. Recycling study of the hybrid-GA0.1-Ehigh with and without MS 4Å in the 
DKR of 1-phenylethylamine 81.[a] 

 

Entry Cycle 
Time 
[h] 

Yield    
[%][b] 

ee      
[%][b] 

1 1 16 95 99 

2 2 16 68 99 

  24 88 99 

  48 96 99 

3 3 72 42 99 

4[c] 1 16 99 99 

5[c] 2 16 74 99 

 2 48 82 99 

[a] Reaction conditions: All the reactions were carried out in toluene (2 mL) under 1 
atm. of hydrogen gas at 70°C with hybrid catalyst (30 mg, 15.6 wt% CALB, 4.80 
wt% Pd), 1-phenylethylamine 81 (0.60 mmol),  ethyl methoxy acetate 83 (1.20 
mmol), dry Na2CO3 (50 mg), and pentadecane as internal standard. [b] Determined 
by chiral GC-analysis [c] Performed with MS 4Å. 

 
Monitoring of the reactions by chiral GC revealed that the decreased ac-

tivity of the hybrid could be attributed to the enzyme component, since the 
Pd-catalyzed racemization was found to proceed efficiently throughout the 
reactions of all cycles. To determine the source of this decreased acylation 
activity of the hybrid, several control experiments were carried out. First, we 
wanted to ascertain that the glutaraldehyde indeed formed stable linkages 
between the enzyme and support surface, thus preventing leaching of CALB. 
This was performed by analyzing the hybrid catalyst before and after use in a 
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DKR reaction by ICP-OES, to see if the CALB content had decreased. These 
analyses showed that the CALB leached to a slight extent (~5%); however, it 
was not sufficient to account for the significant deactivation observed for 
hybrid-GA0.1Ehigh. Therefore, enzyme denaturation was proposed as the ma-
jor cause for the diminishing acylation activity. To rule out the possibility 
that leached Pd species were involved in this deactivation process, an aliquot 
was withdrawn from the reaction mixture of a DKR and analyzed by ICP-
OES. From this leaching test, it was shown that the amount of leached Pd 
was very low (<0.1 ppm), suggesting that leaching of the Pd species did not 
play a major role in the enzyme deactivation event. 

This hypothesis was further verified by a KR recycling study of the “Pd-
free” CALB-MCF that was conducted at 70 °C for prolonged reaction times, 
which showed a similar deactivation. In this recycling study, CALB-MCF 
was subjected to three consecutive KR reactions with a reaction time of 24 h 
each, in which the reaction outcomes were determined by GC after 1 h. In 
this way, we mimicked the reaction conditions of the DKR recycling study 
and could unambiguously show that the enzyme denaturates spontaneously 
on the polar silica surface upon elevated reaction temperatures in the absence 
of Pd. Similar deactivation has previously been observed for other enzymes 
immobilized on polar supports.[123] 

6.3  Conclusions 
We have successfully prepared a heterogeneous Pd/CALB hybrid catalyst 

and employed it for the DKR of a primary amine. The hybrid catalyst dis-
played a significantly higher efficiency than the corresponding separate 
component system for this transformation, demonstrating that the co-
immobilization strategy enables for a better cooperativity between the two 
catalytic species. Further work on the Pd/CALB hybrid catalyst will focus on 
investigating new heterogeneous materials and enzyme linking strategies to 
allow for an improved recyclability and minimization of the Pd inhibition.  

In general, this co-immobilization method holds great promise for the de-
velopment of new catalytic tandem protocols, since it could be extended 
towards other combinations of catalysts that are not compatible with one 
another. 
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Concluding Remarks 

This doctorial thesis covers five different topics in catalysis, which to-
gether highlight the tremendous power catalysis possesses to help streamlin-
ing chemical processes. The first two projects describe mechanistic work 
done on homogeneous (pentaarylcyclopentadienyl)Ru-complexes in the rac-
emization of sec-alcohols, providing key insights into the mechanism by 
which these catalysts operate. A detailed understanding about the underlying 
mechanism of any given chemical process is of high importance as it consti-
tutes the foundation from which continued optimization and catalyst design 
is performed. From our studies, we could establish that CO dissociation 
plays a key role in the racemization mechanism and that a more efficient 
racemization can be achieved by matching the electronic properties of the 
catalyst with the substrate alcohol. This knowledge will be of great value in 
the future development of new and more efficient DKR protocols. 

The second half of the thesis deals with the design of Pd-containing het-
erogeneous catalysts for various chemical transformations. The Pd0-AmP-
MCF catalyst was found to be an efficient catalyst for both aerobic alcohol 
oxidation and H2O oxidation, which demonstrated that it is relevant both in 
organic synthesis and for sustainable energy technologies. This particular 
catalyst possesses several attractive properties, such as high efficiency, high 
versatility, excellent recyclability, low metal leaching and high compatibility 
with other catalytic species, which might allow it to progress beyond the 
academic sphere and find use in industry. 

Chapter 6, covered the preparation of a “metalloenzyme-like” hybrid cata-
lyst, consisting of Pd nanoparticles and CALB as the catalytically active 
components, for use in the DKR of a primary amine. The co-immobilization 
strategy developed within this study holds great promise as it could enable 
the successful combination of catalytic species that are intrinsically incom-
patible with each other. Ultimately, this could lead to the creation of new and 
highly efficient tandem cooperative catalytic protocols that could revolution-
ize tomorrow’s chemical synthesis. 

Before concluding, I would also like to take the opportunity to briefly ex-
press my personal opinions on the fundamental role of chemistry in our soci-
ety and give my prediction on how this discipline will evolve during the 
coming decades. Among the natural sciences, chemistry is perhaps the most 
important discipline as it has the capability to transform almost all industrial 
processes and have a direct impact on our everyday lives. Particularly in the 
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perspective of global warming and the imminent energy crisis, specific atten-
tion should be dedicated towards making our processes green and sustaina-
ble, so that we can ensure a good future for the coming generations. To be 
able to achieve this goal in practice, I believe it is crucial that we approach 
these problems in an interdisciplinary manner, and make use of the 
knowledge of all disciplines of chemistry. I hope this message has been con-
veyed with this thesis, which has illustrated several examples on how the 
know-how of biochemistry, inorganic chemistry and organic chemistry can 
be married and used to solve several different scientific challenges. Finally, I 
would also like to emphasize that this thesis did not aim at accentuating nei-
ther homogeneous nor heterogeneous catalysis as the single answer for every 
given scientific problem. Both homogeneous and heterogeneous catalysis 
have their own advantages and disadvantages, so therefore one should have 
an open mind and choose the most appropriate methodology after the specif-
ic situation at hand. 
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